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Currently, the chemical as well as petrochemical industries routinely use large 
quantities of solid catalysts. These catalysts often require replacement after two or 
three years of use.  Due to their toxic nature, the disposal of spent catalysts can pollute 
the environment when the heavy metals are leached out. To avoid pollution in land 
disposal, as well as to recover the metals present, spent catalysts are subjected to 
metal extraction using conventional chemical technology, and reused in various 
applications. The use of bioleaching for the treatment of solid wastes may provide a 
more economic and environmentally friendly alternative to conventional technologies 
in the recovery of the elements.  
The purpose of this study was to determine some aspects of the physical and chemical 
properties of spent catalysts and investigate the use of microorganisms in the leaching 
of heavy metals from the spent catalysts. In this study, bioleaching of two spent 
catalysts: Fluid Catalytic Cracking (FCC) catalyst and hydroprocessing catalyst was 
investigated. 
Spent FCC catalyst contains aluminium and silica as the main constituents, and iron, 
vanadium, nickel and antimony as minor elements. Although spent FCC catalysts are 
currently classified as non-hazardous waste by the Environmental Protection Agency 
(EPA) in the US, the Toxicity Characteristic Leaching Procedure (TCLP) test results 
showed that the concentration of vanadium and antimony in spent FCC exceeds the 
limit for the treatment standards for hazardous waste for spent hydrorefining catalysts. 
Bioleaching was carried out with the heterotrophic fungus Aspergillus niger at various 
pulp densities (1-8%). One-step bioleaching (where the fungus was incubated together 
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with medium and catalyst), two-step bioleaching (where the fungus was first cultured 
in a sucrose medium without catalyst for two days, after which sterilised catalyst was 
added), and spent medium leaching (where the fungus was first cultured in sucrose 
medium for 14 days, filtered through a cellulose nitrate filter (0.2 µm) (Whatman®) 
and the so obtained cell-free spent medium was used for leaching) were carried out. 
Control experiments using deionised water and fresh sucrose medium were also 
conducted.  
 A. niger grew well at up to 2% w/v spent catalyst in one-step bioleaching. However, 
when the metal leaching efficiency was compared, two-step bioleaching showed a 
higher metal leaching efficiency than one-step bioleaching at a fixed pulp density. As 
pulp density increased, metal leaching efficiency decreased. Compared with abiotic 
controls, bioleaching gave rise to higher metal extractions.  
Chemical leaching using a mixture of organic acids (i.e., citric, oxalic and gluconic 
acids) at the same concentration as bioleaching was also investigated. It is shown that 
bioleaching realized a higher metal extraction than chemical leaching.  
The spent hydroprocessing catalyst contains Al, Mo, Ni and P as major constituents 
and other elements, such as Fe, Cu, Zn, Si, and Na are found in trace amounts. The 
surface area of the spent catalyst was about 23% lower than that of the fresh catalyst 
due to the fouling of coke and other contaminant metals. The removal of the metal 
foulants from the spent catalyst by bioleaching resulted in a significant increase in the 
surface area. Spent hydrotreating and hydrorefining catalysts from refining operations 
are classified as hazardous wastes by the U.S. Environmental Protection Agency. Our 
TCLP tests revealed that nickel concentration in spent catalyst was much higher than 
the limit for treatment standards for hazardous waste. The nickel concentration in the 
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TCLP extract of spent catalyst was reduced to well below the regulatory limit after 
bioleaching with Acidithiobacillus sp. Although the nickel concentration in the TCLP 
extract of spent catalyst after bioleaching with the fungi was still above the regulatory 
limit, a twenty-four fold reduction occurred. 
Bioleaching was carried out with two fungi A. niger, Penicillium simplicissimum and 
two bacteria Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans at 1% 
w/v spent catalyst. The result of the investigations showed that bioleaching with either 
of the two fungi showed similar leaching efficiencies, and that the highest leaching 
efficiency was obtained in bioleaching with A. thiooxidans.  
Chemical leaching was investigated using organic acids (citric, oxalic and gluconic 
acids), sulphuric acid and ferric chloride at the same concentration as were produced 
during bioleaching. In general, bioleaching gave a higher metal leaching efficiency 
for the major elements (Al, Mo, Ni) than chemical leaching.  
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1.1 General Introduction  
Bioleaching may be described as an interaction between metals and microorganisms 
that causes the solubilization of metals, and is based on the ability of microorganisms 
to transform solid compounds, thus resulting in soluble and extractable elements, 
which can be recovered (Brandl et al., 1997).  The ability of a variety of 
microorganisms to mobilize and leach metals from solid materials is based on three 
principles, namely (i) the transformation of organic or inorganic acids (protons); (ii) 
oxidation and reduction reactions; and (iii) the excretion of complexing agents. Metals 
can be leached either directly (i.e., physical contact between microorganisms and 
solid material) or indirectly (e.g., bacterial oxidation of Fe2+ to Fe3+ which catalyses 
metal solubilization as an electron carrier) (Brandl et al., 1997).  Microbial leaching 
technologies have been used on an industrial scale for the recovery of copper, gold, 
uranium and zinc from low-grade ores, or from low-grade mineral resources 
(Brombacher et al., 1997). 
Three groups of microorganisms are used in bioleaching: autotrophic bacteria, 
heterotrophic bacteria, and fungi. The use of autotrophic Acidithiobacilli is 
advantageous, because no organic carbon source is needed for their growth. On the 
other hand heterotrophic bacteria and fungi can be used with higher pHs (i.e., alkaline 
and acid-consuming materials) (Schinner and Burgstaller, 1989). The most effective 
and common bacteria for metal solubilization belong to the genus Acidithiobacillus, 
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of which the chemolithoautotrophs Acidithiobacillus ferrooxidans and A. thiooxidans 
are of industrial importance. In addition, the Aspergillus and Penicillium genera are 
the most well studied fungi used in bioleaching studies. 
In many chemical industries, large quantities of solid catalysts are routinely used.  
These catalysts often require replacement after two or three years of operation. For 
instance, in fluid catalytic cracking (FCC), which is a major secondary conversion 
process in petroleum refining, about 4 x 108 kg of spent catalysts are generated 
annually on a global scale (Furimsky, 1996). In 1993, the world-wide quantity of 
spent hydroprocessing catalysts was estimated at about 5 x 107 kg/year (Llanos and 
Deering, 1995). 
Currently, spent catalysts are managed industrially via (i) chemical recovery and 
recycling of valuable metals for different applications, (ii) regeneration (to extend 
their operational life) for reuse, and (iii) landfilling (for ultimate disposal).  The 
recovery of valuable metals, while conferring economic advantage, entails the use of 
acids in large scale processing operations, which generate large volumes of potentially 
hazardous wastes and gaseous emissions.  The regeneration of spent catalysts, 
unfortunately, can only be applied for a few times, and on a limited number of 
catalytic systems.  Landfilling as the means for the disposal of spent catalysts is 
becoming increasingly difficult, due both to the availability of landfill space as well as 
the concern for the pollution arising from possible leaching of heavy metals.  Thus, 
the high cost and the negative environmental impacts of conventional methods 
warrant investigation into the possible use of bioleaching technology as an alternative 
in the extraction of metals from solid waste materials. 
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Heavy metals may be present as part of the original catalyst (for example, cobalt, or 
nickel in hydroprocessing catalysts) or may have been accumulated during use (e.g., 
nickel or vanadium in FCC catalysts). In effect, these waste materials containing high 
metal concentrations may be considered as ‘artificial ores’, as they can serve as 
secondary raw materials with the consequent reduction in the demand for primary 
mineral resources. In addition, the removal of metals from these industrial wastes 
brings about a detoxification of the residues and thus improves the environment 
(Brombacher et al., 1997; Brandl, 2001). With bioleaching, the leached and recovered 
metals may be recycled and re-used as raw materials in the metal-manufacturing 
industries.   
 
1.2 Objectives and Scope  
The overall objective of the present study is to investigate the ability of a strain of A. 
niger, P. simplicissimum, A. thiooxidans and A. ferrooxidans to leach metals from 
spent catalysts, as well as to compare the bioleaching efficiency with chemical 
leaching using commercial inorganic and organic acids. 
The specific objectives of this research and its scope are as follows: 
1. To characterize some of the physical and chemical properties of two spent 
catalysts used in this research. These include: 
- Determination of elemental composition, including carbon content. 
- Determination of particle size, particle size distribution, specific 
surface area and morphology of the spent catalyst. 
- Determination of toxicity characteristics of spent catalysts 
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2. To evaluate the ability of A. niger to leach heavy metals from spent FCC 
catalyst. These include:  
- A study on the growth of pure culture of A. niger 
- An investigation on the growth and metal leaching efficiency of the 
fungus under various bioleaching processes: one-step bioleaching, two-
step bioleaching, and spent medium leaching. 
- An investigation on the abiotic leaching of metals using deionised 
water and fresh medium leaching. 
- An investigation on the effect of spent catalyst pulp densities in 
bioleaching and abiotic leaching. 
- An investigation on the effect of bioleaching on the physical properties 
of spent FCC. 
3. To evaluate the abilities of two fungi (A. niger and P. simplicissimum) and 
two bacteria (A. thiooxidans and A. ferrooxidans) to leach metals from spent 
hydroprocessing catalyst. These include:  
- A study on the growth of pure culture of P. simplicissimum. 
- A comparison of metal leaching efficiency among these four 
microorganisms. 
4. To evaluate the chemical leaching of two spent catalysts using commercial 
organic and inorganic acids. These include: 
- An investigation on the metal leaching efficiency among different 
commercial organic and inorganic acids at various concentrations. 
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- An investigation on the metal leaching efficiency of the commercial 
sulphuric acid, ferric chloride and the mixtures of organic acids at the 
same concentrations that are produced biogenically. 
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2.1.1 Definition and History of Bioleaching 
In general, bioleaching is a process described as being “the dissolution of metals from 
their mineral source by certain naturally occurring microorganisms” or “the use of 
microorganisms to transform elements so that the elements can be extracted from a 
material when water is filtered through it”. Additionally, the term “biooxidation” is 
also used (Brandl, 2001). There are, however, some small differences in the 
definition. Various definitions of bioleaching have been given. These include the 
following:  
• Bosecker, (1987):  “The winning of metals with the aid of bacteria, based 
on the capacity of certain bacteria of the genus 
Thiobacillus to convert sparingly soluble metal 
compounds by biochemical reaction mechanisms into 
water-soluble metal sulfates.” 
• Krebs et al., (1997):  “Bioleaching processes are based on the ability of 
microorganisms (i.e., bacteria and fungi) to transform 
solid compounds, resulting in soluble and extractable 
elements which can be recovered.” 
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• Lundgren et al., (1986):  “Biochemical oxidation process involving 
microorganisms as the catalyst. An insoluble inorganic 
substrate is oxidized to a soluble form.” 
One of the first reports, where leaching might have been involved in the mobilization 
of metals is given by the Roman writer Gaius Plinius Secundus (23-79 A.D.). In his 
work on natural sciences, Plinius describes how copper minerals are obtained using a 
leaching process. The German physician and mineralogist Georgius Agricola (1494-
1555) describes in his work de re metallica also techniques for the recovery of 
copper, which are based on the leaching of copper-containing ores (Brandl, 2001). 
The Rio Tinto mines in Spain are usually considered the cradle of 
biohydrometallurgy. These mines have been exploited since the pre-Roman times for 
their copper, gold, and silver. However, with respect to commercial bioleaching 
operations on an industrial scale, biohydrometallurgical techniques had been 
introduced to the Tharsis mine in Spain 10 years earlier (Brandl, 2001). The function 
of the microbes in the bioleaching process was more clearly defined only from the 
1950s, when bacterial catalysis of iron oxidation and sulfuric acid formation in mine 
waters was demonstrated (Brierley, 1990; Brombacher et al., 1997). In 1963, the 
biotechnology of microbial mining was started where bacterial oxidation processes 
were used for copper extraction from sulphidic ores (Lundgren et al., 1986). Since 
then, these microbiological techniques have gained more attention, and are currently 
used on an industrial scale for the recovery of copper, gold, uranium and zinc from 
low-grade ores or from low-grade mineral resources (Brombacher et al., 1997).  
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2.1.2 Bioleaching of Solid Waste 
The main focus of bioleaching was initially the recovery of metals from insoluble 
metal sulphide minerals in mining ores, based on the ability of microorganisms to 
oxidize reduced iron and sulphur compounds. Recently, there have been some 
interests in the application of bioleaching from mining ores to industrial wastes, as 
increasingly vast quantities of hazardous industrial waste (e.g., fly ash, slag and filter 
dust) are produced worldwide. The examples of industrial waste materials that are 
microbially treated for metal recovery are presented in Table 2.1. Due to their high 
metal concentrations, these waste materials can be considered as ‘artificial ores’. They 
can serve as secondary raw materials and may reduce the demand for primary mineral 
resources (Brandl, 2001). In addition, the removal of metals from these industrial 
wastes brings about a detoxification of the residues and thus improves environmental 
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2.2 Microorganisms in Bioleaching 
Three groups of microorganisms are used for the leaching process: 
chemolithoautotrophic bacteria, heterotorphic bacteria, and heterotrophic fungi. The 
most effective and common bacteria for metal solubilization belong to the genus 
Bacillus, of which the chemolithoautotrophs Acidithiobacillus ferrooxidans and 
Acidithiobacillus thiooxidans are of industrial importance. In addition, the Aspergillus 
and Penicillium genera are the most significant fungi used in bioleaching studies. 
Table 2.2 gives an overview on some selected microorganisms that are well known to 
mediate metal bioleaching reactions (Krebs et al., 1997).  
 
2.2.1 Chemolithoautotrophic Bacteria 
Chemolithoautotrophic bacteria use carbon dioxide from the atmosphere as the carbon 
source for the synthesis of new cell materials. Energy is derived from the oxidation of 
reduced or partially reduced sulphur compounds, including sulphides, elemental 
sulphur and thiosulphate, the final oxidation product being sulphate. Among the 
chemolithoautotrophic bacteria, acidophilic Acidithiobacillus thiooxidans and 
Acidithiobacillus ferrooxidans are of particular importance, since bacterial leaching is 
carried out in an acidic environment at pH between 1.5 and 3, at which most metal 
ions remain in solution (Bosecker, 1997). They are gram-negative, non-spore forming 
rods, which grow under aerobic conditions.  
A. thiooxidans is well known for its rapid oxidation of elemental sulphur. Other 
partially reduced sulphur compounds are also utilized and sulphuric acid is generated, 
decreasing the pH of the medium to between 1.5 and 1 and even lower. The intensive 
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sulphuric acid production leads to a rapid decomposition of rocks so that acid-soluble 
metal compounds can pass into solution as sulphates (Bosecker, 1997). 
However, the most important role in bacterial leaching is played by A. ferrooxidans. 
Morphologically, the cells are identical to A. thiooxidans. A. ferrooxidans can either 
grow on reduced sulphur compounds or on ferrous iron. It utilises energy obtained 
from the oxidation of inorganic sulphur compounds (e.g., Fe2S, CuFeS) as well as 
ferrous iron dissolved in a liquid medium.  In the absence of oxygen, A. ferrooxidans 
is still able to grow on reduced inorganic sulphur compounds using ferric iron as an 
alternative electron acceptor (Sugio et al., 1985). A. ferrooxidans is found naturally in 
acid mine drainage waters of iron and bituminous coal mines. 
A. thiooxidans and A. ferrooxidans have been extensively used for the leaching of 
filter dust (Bosecker, 1986b), belt filter press (Clark and Ehrlich, 1992), sediment 
(Chen and Lin, 2001), spent catalyst (Briand et al., 1999; Bredberg et al., 2004), spent 
nickel-cadmium battery (Cerruti et al., 1998), electronic scrap (Brandl et al., 2001), 
coal fly ash (Seidel et al., 2001), and municipal solid waste fly ash (Krebs et al., 
1997). 
 
2.2.2 Heterotrophic Bacteria 
Heterotrophic bacteria require a supply of carbon in the form of organic molecules 
such as sugars, alcohols and hydrocarbons for their carbon and energy source. The 
growth of heterotrophic bacteria is influenced by the concentration of nitrogen, 
sulphur, phosphorus and other trace elements, where degradation of organic 
compounds will terminate if nitrogen and phosphate compounds are at low 
concentrations (Schweisfurth, 1992). 
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Members of the genus Bacillus and Pseudomonas are the most effective in metal 
solubilization (Bosecker, 1997). The genus Bacillus that is well known in metal 
leaching includes Bacillus licheniformis and Bacillus polymyxa (Grewal and Kalra, 
1995; Brombacher et al., 1997). Pseudomonas putida was used in the leaching of zinc 
from an industrial filter dust (Muller et al., 1995) and heavy metal removal from 
municipal waste incineration fly ash (Krebs et al., 1997). 
 
2.2.3 Heterotrophic Fungi 
All fungi are chemoheterotrophs, requiring organic compounds for energy and carbon. 
Fungi are aerobic or facultatively anaerobic; only a few anaerobic fungi are known. 
Fungi solubilize metal compounds by excreted acidity, mainly in the form of organic 
acids. This is greatly advantageous, because organic acids increase the solubility of 
metal ions at non-acidic pH values by complexation. Additionally, complexation 
between metal ions and organic acid anions may reduce the toxicity of heavy metal 
ions. Among these heterotrophic microorganisms, the genera Aspergillus and 
Penicillium are the most important fungi used in bioleaching (Bosecker, 1997). 
Among these, the strains Aspergillus niger and Penicillium simplicissimum are 
probably the most widely used.  
A. niger and P. simplicissimum have been extensively used to leach and detoxify 
metals from a variety of materials, such as silicates (Castro et al., 2000), low grade 
laterite ores (Valix et al., 2001), copper mine residues (Mulligan et al., 1999), 
municipal solid waste fly ash (Bosshard et al., 1996), filter dust (Burgstaller et al., 
1992; Muller et al., 1995) and electronic scrap (Brandl et al., 2001).  
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Table 2.2  Selected important microorganisms that mediate bioleaching  
(Kreb et al., 1997) 
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2.2.4 Chemolithoautotrophic Bacteria and Heterotrophic Fungi in Bioleaching  
Several different ways of bioleaching of waste products by chemolithoautotrophs and 
heterotrophs are reported (the leaching of filter dust (Bosecker, 1986b), belt filter 
press (Clark and Ehrlich, 1992), spent catalyst (Briand et al., 1999; Bredberg et al., 
2004), spent nickel-cadmium battery (Cerruti et al., 1998), coal fly ash (Seidel et al., 
2001) by chemolithoautotrophs and the leaching of copper mine residues (Mulligan et 
al., 1999), municipal solid waste fly ash (Bosshard et al., 1996), electronic scrap 
(Brandl et al., 2001) by heterotrophic fungi). Heterotrophic fungi are dependent on an 
organic carbon for their growth and for the production of leaching agents, whereas 
chemolithoautotrophic bacteria of the genus Acidithiobacillus only need carbon 
dioxide and a reduced iron or sulfur compound for growth. Therefore, a significant 
amount of organic carbon has to be supplied externally for the fungal leaching. This is 
the main drawback for the use of heterotrophic fungi. Although 
chemolithoautotrophic bacteria can be used successfully to solubilize metals from 
materials containing sulfide and/or ferrous compounds, an energy source has to be 
added for the leaching of materials that contain no metal sulfides or ferrous iron. Such 
materials are, for instance, carbonaceous low-grade ores or oxidic industrial 
secondary raw materials, such as filter dusts, slags, sludges and fly ash (Burgstaller 
and Schinner, 1993b). 
For the commercially important bacterial and fungal species, the temperature for 
optimal growth and activity is ~ 30º C. 
The pH range for the growth and leaching activities of chemolithoautotrophs lies 
between 1.0 and 5.5, with the optimum at around pH of 2.4. Bioleaching of alkaline 
solid waste by chemolithoautotrophs may require a pH adjustment using commercial 
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acids. In contrast, fungi can withstand a much wider pH range, typically from 2 to 7 
(Burgstaller and Schinner, 1993a). This is an important characteristic property of 
fungi that enables them to be used with many types of solid waste, including those of 
alkaline, acid-reducing materials.  
The redox reactions of chemolithoautotrophs remain similar under different leaching 
conditions. However, metabolites excreted by fungi are strongly influenced by the 
medium composition and the leaching environment. The organic acids excreted by 
A.niger are different when the pH varies from acidic to alkaline (Burgstaller and 
Schinner, 1993a). Variations in the quantity or quality of metabolites excreted due to 
the leaching environment leads to extra cautions during the control and optimization 
of fungal bioleaching. 
The organic acids produced by the fungi form complexes with the metal ions and 
enhance metal solubilization. The complexes reduce the toxicity of heavy metal ions 
to the fungi and thus the fungi are fairly resistant to heavy metals. Burgstaller and 
Schinner (1993a) have reported that fungi are generally more tolerant of heavy metals 
than heterotrophic bacteria and therefore, the inhibition of fungal leaching processes 
by heavy metal toxicity seems to be less than the latter.  
The use of heterotrophic fungi to leach solid wastes also generally results in a faster 
leaching process and with a shorter lag phase. It has been reported that the growth of 
autotrophic bacteria is slow compared to heterotrophic microorganisms due to the 
lower energy yield at comparable substrate consumption (Burgstaller and Schinnre, 
1993b). It has been shown in bioleaching experiments using a municipal solid waste 
fly ash as the substrate that A. thiooxidans needed 1-3 months, while A.niger required 
only 2-3 weeks to complete the leaching (Krebs et al., 1997).  
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2.3 Mechanisms of Bioleaching 
The ability of a variety of microorganisms (i.e., bacteria and fungi) to mobilize and 
leach metals from solid materials is based mainly on three principles: redoxolysis 
(oxidation and reduction reactions), acidolysis (the formation of organic or inorganic 
acids), and complexolysis (the excretion of complexing agents) (Brandl, 2001). 
  
2.3.1 Redoxolysis 
In the direct mechanism for bacterial metal leaching via redox reaction, metals are 
solubilized by enzymatic reactions through a physical contact between the 
microorganisms and the leaching materials, which lead to the destruction of the 
mineral. In the indirect redox mechanism, the oxidation of ions, such as Fe2+ to Fe3+ 
by bacteria and subsequently the Fe3+ (as the oxidizing agent) in turn dissolves the 
metal chemically from the solid material.  
Direct mechanism:  Direct leaching of metals from a solid structure may occur 
through oxidation or reduction, which involves the transfer of electron either from the 
solid structure (i.e., oxidation) to an electron acceptor (normally oxygen); or the 
injection of electrons into the solid structure from an electron donor, such as H2 (i.e., 
reduction) (Ehrlich, 1992). Direct leaching requires physical contact between the 
bacterial cell and the mineral sulphide surface, and the oxidation to sulphate takes 
place via several enzymatically catalyzed steps. Direct bacterial leaching can be 
described according to the following reaction:  
 
In the above, MeS is the metal sulphide (Bosecker, 1997). 
bacteria MeSO4 MeS + 2 O2                  (2.1) 
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Direct leaching benefits the autotrophs, because they conserve energy during the solid 
oxidation (Ehrlich, 1992). 
Indirect mechanism:  The oxidation of reduced metals through the “indirect” 
mechanism is mediated by a ferric iron (Fe3+), originating from the microbial 
oxidation of ferrous iron (Fe2+) compounds present in the minerals or added externally 
as an energy source. Ferric iron is an oxidizing agent and can oxidize reduced 
compounds (e.g., metal sulphides), resulting in it being reduced to a ferrous iron, 
which in turn can be microbially oxidized again (Brandl, 2001).  
Indirect leaching of metal sulphides can be described according to the following 
reaction (Ehrlich, 1997): 
 
In the above MeS is the metal sulphide.  
The above reactions occur best in a pH range of 1.5 to 2.5.  
An example of redoxolysis in fungal bioleaching is the reduction of ferric iron and 
manganese, mediated by an oxalic acid in an acidic environment (Burgstaller and 
Schinner, 1993a). However, this redox reaction plays only a minor role in fungal 
bioleaching compared to the bioleaching by autotrophic bacteria.   
 
bacteria 2 Fe3+ + H2O 
abiological Me2+ + S + 2 Fe2+ 
bacteria H2SO4 
    (2.2) 
              (2.3) 
        (2.4) 
2 Fe2+ + 2 H+ + ½ O2 
2 Fe3+ + MeS 
S + H2O + 3/2 O2 
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2.3.2 Acidolysis 
The second mechanism of metal solubilization is through the formation of organic or 
inorganic acids. Examples include the production of citric acid or gluconic acid by A. 
niger and P. simplicissimum, and sulphuric acid by A. ferrooxidans and A. 
thiooxidans. In this process, solubilization occurs via the protonation of the metal 
compound, making it less available to the metal cation and promoting the dissolution 
of the solid (Hughes and Poole, 1991). For instance, protons protonate the anion of 
the insoluble metal compounds, such as the oxygen atoms covering the surface of the 
metal compound. The protons and the oxygen combine with water and the metal is 
therefore detached from the surface (Burgstaller and Schinner, 1993a). Equation 2.5 
shows an acidolysis reaction. Protons are obtained from the acids produced, and its 
maximum amount available determines the amount of metal oxides solubilized 
(Burgstaller et al., 1992). This process is usually fast and it is the most important 
mechanism for fungal bioleaching. 
  
In the above, MeO is the metal oxide. 
 
2.3.3 Complexolysis 
The third mechanism of metal extraction is through the extraction by complexing 
agents. Organic acids can leach metals through complexation to form soluble metal 
complexes. Complexolysis is a relatively slower mechanism compared to acidolysis. 
The solubilization of metal ions is based on the complexing capacity of a molecule. If 
the bonds between metal ions and ligands are stronger than the lattice bonds between 
Me2+ + H2O MeO + 2 H+   (2.5) 
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metal ions with solid particles, the metal will be successfully leached out from the 
solid particles (Ehrlich, 1992). Apart from organic acids, other metabolites, such as 
siderophores can also complex and solubilize metals. Siderophores are low-molecular 
weight chelating agents which could solubilize ferric iron, magnesium, manganese 
and chromium (Gadd and Sayer, 2000). Additionally, the complexation of heavy 
metals can reduce the metal toxicity to the fungi when high concentrations of metals 
are present.  
 
2.3.4 Bioaccumulation 
As mentioned previously, acidolysis, complexolysis and redoxolysis are three 
mechanisms in bioleaching. Apart from that, bioaccumulation can be another 
important mechanism in fungal bioleaching (Burgstaller and Schinner, 1993a).  
In the accumulation process, the mycelium functions as a “sink” for the metal ions. 
The accumulation of metal ions from the leaching solution through active metabolic 
reactions and passive adsorption upsets the equilibrium between the solid and 
dissolved metal, thus causing the continuous solubilization of the metal. The fungal 
cell wall contains many different functional groups (e.g. hydroxyl, amine, carboxyl, 
phosphate and sulphydrl groups), which are able to bind metal ions to a greater or 
lesser extent (Kapoor and Viraraghavan, 1995). Among the filamentous fungi, the 
genera of Aspergillus and Penicillium have been reported to have a high ability to 
accumulate heavy metals and radionuclides from their external environment (Volesky, 
1991). 
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2.4 Advantages of Bioleaching 
Bioleaching is a new and promising technology, useful for obtaining valuable metal 
compounds from solid substrates or for detoxifying heavy metal contaminated waste. 
Bioleaching allows the cycling of metals by a process close to natural biogeochemical 
cycles, and thus reduces the demand for resources, such as ores, energy, or landfill 
space.  
Bioleaching as a clean technology has several important advantages in comparison to 
conventional thermal solid-waste treatment techniques used in the pyro- or 
hydrometallurgical industries.  
• Economical: Bioleaching is generally simpler and therefore cheaper to 
operate and maintain than traditional processes, since fewer specialists are 
needed to operate complex chemical plants. Furthermore, bioleaching has 
lower energy requirements than conventional processes. It generally requires 
only an ambient temperature and pressure environment and this contrasts with 
pyrometallurgical and hydrometallurgical methods where rather extreme 
conditions of temperature, pressure and chemical conditions are required. 
Thus,  when the capital costs are compared, bioleaching processes usually 
come out best (Brombacher et al., 1997)  
• Environmental: The process is more environmentally friendly than traditional 
methods. Air pollution caused by smelter emissions of sulphur and carbon 
dioxide is minimized. Furthermore, no by-products, e.g. gaseous pollutants are 
produced in biohydrometallurgy (Brombacher et al., 1997). In the case of 
mining industry, less landscape damage occurs, since the bacteria grow 
naturally, and the mine and surrounding area can be left relatively untouched. 
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As the bacteria breed in the conditions of the mine, they are easily cultivated 
and recycled (http://www.nationmaster.com/encyclopedia/Bioleaching).  
• Effective in metal recycling from a low grade ore: Bioleaching enables 
possible metal winning from low grade ores, which is not practicable using 
conventional pyrometallurgical processes due to the high cost of operation 
when the ratio of gangue to ore mineral is unfavorable (Ehrlich, 1997). 
Furthermore, low-grade ore or other mineral resources can be treated on site 
by microorganisms, leading to cost savings.  
Besides the industrial applications, microbial leaching has some potential for the 
environmental clean-up of mining sites, treatment of mineral industrial waste 
products, detoxification of sewage sludge and for the remediation of soils and 
sediments contaminated with heavy metals (Bosecker, 2001). 
 
2.5 Factors Influencing Bioleaching 
The leaching effectiveness depends largely on the efficiency of the microorganisms, 
chemical and mineralogical composition of the material to be leached, and leaching 
conditions (Bosecker, 1987). The maximum yields of metal extraction can be 
achieved only when optimum conditions are employed. 
 
2.5.1 Nutrient Culture Media 
Microorganisms require nutrients for their metabolism and biosynthesis of new cells, 
metabolites and products. The selected nutrients should support maximum microbial 
growth and allow a maximum production of the necessary metabolites in bioleaching. 
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For chemolithoautotrophs, inorganic iron and sulphur compounds are required, and 
they are sometimes available from the minerals leached (Bosecker, 1987). However, 
appropriate organic substrates should be supplied to heterotrophs for the production of 
leaching agents. For example, sucrose gives a higher yield of organic acids than other 
sugars, such as fructose, lactose and galactose in the culture of A. niger (Hossain et 
al., 1984). Ammonium, phosphate and magnesium salts are generally supplied to 
support an optimum growth of microorganisms (Bosecker, 1987). 
 
2.5.2 Oxygen and Carbon Dioxide  
Aerobic and anaerobic microorganisms are involved in many biohydrometallurgical 
processes. Therefore, adequate oxygen or carbon dioxide should be supplied for their 
optimum growth and activity. Insufficient oxygen or carbon dioxide supply will slow 
down the microbial growth rate and ultimately the metal leaching rate. Aeration, 
shaking or stirring are some of the common methods employed in the laboratory to 
supply oxygen or carbon dioxide to the microbes. 
 
2.5.3 pH 
pH of the medium should be adjusted to the optimal value for the maximum growth of 
the microorganisms, as well as to provide a solution with a suitable pH range for the 
solubilization of metals. It is known that the most favourable conditions for leaching a 
majority of metals occur at low solution pH, as they enhance metal solubility 
(Karaivko et al., 1977). 
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2.5.4 Temperature 
A suitable temperature range for bioleaching should be maintained in order to provide 
the optimal conditions for microbial growth. Mesophilic microbes grow at 
temperatures of 28-35°C, while thermopiles grow at temperatures above 50°C 
(Bosecker, 1987). The bioleaching process is generally not effective when the 
temperature falls below 15°C (Krebs et al., 1997). Bioleaching efficiency can be 
increased by operating at higher temperatures provided that the spent medium is used 
instead of the microbial culture (Cameselle et al., 1995). 
 
2.5.5 Inoculum  
Pre-culture of microbes normally increases the bioleaching efficiency, as the 
microbial density is increased during the pre-culture period. A denser microbial 
population can also be reached through the use of a larger inoculum size. However, 
substrate limitation will restrict the density of inoculum used. Thus, an optimum 
percent inoculum should be used to obtain maximum bioleaching efficiency.  
 
2.5.6 Metal Resistance of Microorganisms 
The leaching of substrate is accompanied by an increase in metal concentration in the 
leachate. The presence of high concentration of particular metals naturally impedes 
the growth of microbes. Heavy metals generally exhibit toxic effects due to four 
factors: (1) the blocking of functional groups of biologically important molecules, (ii) 
the displacement and /or substitution of essential metal ions from biomolecules and 
functional cellular units, (iii) the induction of comformational changes of polymers, 
and (iv) the influence on membrane integrity and transport processes (Gadd and 
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White, 1989; Gadd, 1993). Different genus of microorganisms or even different 
strains of the same species may show completely different sensitivities to heavy 
metals. Hence, microbes that exhibit a high tolerance or have become adapted to high 
concentrations of soluble heavy metals in the leach suspension should be selected for 
bioleaching. 
 
2.5.7 Chemistry of Solid Waste 
The leaching rate and efficiency depend on the chemical composition and states of the 
heavy metal compounds in the solid residues (Kida et al., 1996). A highly toxic metal 
composition inhibits microbial growth and thus decreases the bioleaching rate and 
efficiency. A high content of carbonate in the solid residue, such as fly ash, increases 
the pH of the leaching solution and influences the microbial growth (Bosecker, 1997).  
 
2.5.8 Particle Size of Solid Waste  
The decrease in the particle size increases the surface area, which correspondingly 
increases the contact area between the leaching agents with the solid particles. 
Consequently, a higher leaching rate and a leaching yield can be achieved. 
Experimental confirmation of this is well documented for a number of sulphide 
minerals, whereby the highest solubilization rates have been found to occur in 
particles of sizes of the order of few tens of microns (Rossi, 1990). 
 
2.5.9 Solid Liquid Ratio 
 The increase in the total mass of the particles increases the solid residue pulp density. 
A high solid to liquid ratio increases the amount of toxic substances in the leaching 
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environment and may inhibit to the growth of the microorganisms. Thus, an optimum 
pulp density must be determined for the bioleaching process (Bosecker, 1987). 
 
2.5.10 Bioleaching Period 
Compared to chemical leaching or other conventional treatment techniques that can 
be completed within a few hours, a longer period is needed to extract heavy metals 
through bioleaching. Thiobacilli is a slow growing bacterium that may require a few 
weeks to complete the bioleaching process. Fungi generally show a shorter lag phase 
and hence may bioleach at a faster rate. The lag phase of these microorganisms lasts 
longer at high concentrations of toxic heavy metals or unsuitable conditions in the 
leaching environment (Bosshard et al., 1996). 
 
2.6 Microbial Leaching Techniques 
Leaching techniques are generally divided into three domains depending on the 
working volume: laboratory-scale (up to 10 dm3), pilot-plant scale (<10m3) and 
industrial-scale (>10 m3) (Krebs et al., 1997).  
 
2.6.1 Laboratory-Scale and Pilot-Plant Leaching Techniques 
Laboratory-scale leaching processes involve percolator leaching, column leaching and 
submerged leaching (Bosecker, 1997). These processes may be scaled up to a pilot 
plant testing by considering certain scale-up factors, such as adequate oxygen and 
carbon dioxide supply, adequate agitation devices and maintenance of specified pH 
and temperature for the growth of the microorganisms.  
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Percolator leaching: Percolator leaching is the first technique used in bacterial 
leaching. It consists of a vertical glass tube with sieve plate filled by solid particles at 
the bottom. The solid packing is flooded with nutrients inoculated with bacteria. The 
leaching liquor is pumped up by compressed air and is kept recirculated. This 
leaching technique generally suffers from inadequate oxygen supply, low efficiency, 
and fairly slow rates (Bosecker, 1997). 
Column leaching: Column leaching is operated on the concept of percolator leaching 
and is often used for pilot-plant scale leaching. Column leaching is operated at a 
higher capacity (from few kilograms to tons) compared to percolator leaching 
(benchmark scale). Most column systems also apply on-line monitoring system with 
the installation of monitoring instruments, such as a thermocouple and pH meter, 
compared to manual sampling from time to time in percolator leaching (Bosecker, 
1997; Brombacher et al., 1997). 
Submerged leaching: In submerged leaching, solid particles are agitated and kept in a 
suspension in the leaching medium, either in shake flasks or bioreactors. The ease in 
control and monitoring in this process allows the microorganisms to grow well and be 
active in bioleaching. Consequently, reaction times are shortened and metal extraction 
yields increase (Bosecker, 1987). Bioleaching with fungi is commonly carried out 
using this technique, by means of either one-step or two-step bioleaching (Burgstaller 
and Schinner, 1993a). 
 
2.6.2 Industrial-Scale Leaching Techniques 
Industrial-scale bioleaching process was first introduced in the winning of copper in 
the mining industry. Leaching techniques used include in situ leaching, dump 
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leaching, heap leaching, vat leaching and reactor leaching processes (Brombacher et 
al., 1997). Capital costs such as the construction cost, and operational costs, such as 
reagents and labour costs are the main factors to be considered in the selection of 
industrial leaching process. Industrial-scale leaching commonly used for the recovery 
of minerals from ores often involves chemolithoautotrophs, such as Thiobacillus sp. 
In situ leaching: In in situ leaching, metals are solubilized and recovered from rocks 
without removing them mechanically from the ore body. Abandoned mines are 
flooded with water and left for a certain time period. Subsequently, the metal 
containing solution is recovered and subjected to a metal recovery process. For ore-
deposits that are of too low-grade and too small in volume, a solution with bacteria is 
injected into the fractured ore body instead of water dumping for the leaching 
purpose. This process suffers from the disadvantages of loss of the leaching solution, 
and the uncertainty of microbial performance underground (Brown, 1999). 
Dump leaching: This is the oldest leaching process applied for metal recovery from a 
very lean ore mixed with rocks (Brombacher et al., 1997). The top of dump is flooded 
or injected with a leaching solution on the surface. The bacteria proliferate in the 
dump system and perform the leaching process by oxidizing sulphur or iron 
compounds in the minerals. The leachate is then collected at the base of the dump and 
passed through an oxidation basin for ferric iron regeneration (Bosecker, 1997). 
Heap leaching: Heap leaching is a similar process to dump leaching. It is designed to 
optimize the leaching rate by involving finer particles that cannot be concentrated by 
flotation. It is carried out on a smaller scale compared with dump leaching (Brown, 
1999). 
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Vat leaching: Vat leaching is carried out when the solid residue after crushing to a 
suitable size, is dumped into concrete vats lined with an acid-proof material. In 
general, there are a few vats in series, and the leaching solution percolates from a 
bottom opening upwards through the particles, and the overflow is pumped into the 
next vat (Brandl, 2001). 
Reactor/tank leaching: The industrial-scale bioreactor gives the best yield in metal 
leaching within the shortest leaching period. However, it is the most expensive 
technique compared with other methods. Special installations are required. This 
process is carried out in reactors consisting of adequately stirred tanks, in which the 
pulp to be leached resides for a defined time interval. This technique appears to offer 
the best potential for leaching operations, since pronouncedly higher reaction rates 
can be achieved as compared to other process systems (Brandl, 2001). 
 
2.7 Spent Catalyst 
Many types of spent catalysts have been produced in the petroleum refining and the 
production of petrochemicals, commodity and fine chemicals. Among these 
industries, petroleum refining is one of the largest manufacturing and processing 
industries in the world.  
Four major types of catalysts are commonly used in various refinery applications. 
These are alkylation, fluid catalytic cracking, hydroprocessing and reforming 
catalysts. The catalysts used in alkylation processes represent the largest volume. 
These are acidic catalysts, such as HF, H3PO4 or H2SO4. The total volume of 
alkylation catalysts produced is approximately 2,550,000 tons per year. The catalysts 
used in fluid catalytic cracking (FCC) represent the second largest volume. FCC 
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catalysts contain zeolite, amorphous SiO2-Al2O3 and γ- Al2O3.  The total volume of 
FCC catalysts is about 250,000 tons per year. Hydroprocessing catalysts (i.e. 
hydrotreating and hydrocracking catalysts) are produced a volume of about 70,000 
tons per year. The hydrotreating catalysts mostly contain Ni or Co in combination 
with Mo or W supported on γ- Al2O3. The hydrocracking catalysts contain also zeolite 
and amorphous SiO2-Al2O3 and may contain Pt or Pd instead of Ni/Co and Mo/W. 
The catalysts used in reforming processes represent the smallest volume. The 
reforming catalysts contain Pt group metals supported on Al2O3 or C. The total 
volume of reforming catalysts is about 3,000 tons per year (Eijsbouts, 1999).   
In the following sub-sections, more details on fluid catalytic cracking (FCC) and 
hydroprocessing catalysts are presented, as these catalysts are used in this research. 
 
2.7.1 Fluid Catalytic Cracking Catalyst (FCC) 
Fluid catalytic cracking is one of the most important conversion processes in the 
petroleum refinery. In this process, heavy petroleum fractions (i.e., vacuum gas oils) 
are catalytically cracked into a host of valuable products from LPG to diesel. The 
FCC unit incorporates a catalyst regenerator immediately after the reactor. The coke 
deposited on the catalyst during the reaction is burnt off in the regenerator and the 
regenerated catalyst is recycled back to the reactor. A portion of the spent catalyst is 
withdrawn periodically from the regenerator and a fresh catalyst is replaced to 
maintain optimal unit catalyst activity (Sadeghbeigi, 1995).  
FCC catalysts are usually of a silica-alumina and/or zeolite type. During the cracking 
reaction, the catalyst is contaminated by elements deposited from feedstock, which 
include metals such as nickel, vanadium, and iron. Additionally, antimony and tin 
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may be present in the spent FCC catalyst, since they are sometimes added as 
passivators. The typical concentration range of some metals in the spent FCC 
catalysts is shown in Table 2.3.  
 
Table 2.3. Content (wt %) ranges of some metals in spent FCC catalysts  
(Furimsky, 1996) 
 Maximum Minimum 
Antimony 0.1600 <0.0001 
Arsenic 0.0185 <0.0001 
Beryllium 0.0004 0.0003 
Bismuth 0.1700 <0.0001 
Boron 0.7410 <0.0001 
Chromium 0.0678 0.0005 
Copper 0.0066 0.0003 
Iron  0.0500 0.2300 
Lead 0.0140 <0.0001 
Nickel 1.400 0.0210 
Phosphorus 2.200 <0.0001 
Selenium <0.0100 <0.0001 
Silver 0.0059 <0.0001 
Strontium 0.0505 <0.0001 
Sulphur 0.6710 0.0025 
Tin <0.0100 <0.0001 
Titanium 1.2500 0.0171 
Vanadium 0.7000 0.0310 
Zinc 0.0315 <0.0001 
 
Compared with hydroprocessing catalysts, the level of contamination of the FCC 
catalysts with metals and coke is significantly lower due to a much shorter contact 
time, as well as a less contaminated feedstock. However, continuous efforts to 
develop new, metals more tolerant FCC catalysts, may result in spent FCC catalysts 
much more extensively deposited by metals.  Thus, although spent FCC catalysts are 
currently classified as non-hazardous, it is certainly likely that their disposal will be 
regulated in the future (Furimsky, 1996). 
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2.7.2 Hydroprocessing Catalyst 
Hydroprocessing is a general term that includes hydrotreating, hydrodesulphurization, 
hydrorefining and hydrocracking. Hydroprocessing invariably requires the use of 
catalysts to remove impurities and convert the oil into more usable products. The 
catalysts used consist mainly of oxides of nickel, cobalt and molybdenum on an 
alumina matrix. Some catalysts also contain phosphorus, titania, or other elements. 
Spent catalysts contain carbon from coke (up to about 20%) and sulphur (up to about 
10%) from the active phase of the sulphided catalysts. Contaminating iron originates 
from the corrosion of tanks, pipes, and other equipment. Silica results from the 
decomposition of antifoaming agents. Arsenic exists at small concentrations in some 
heavy crudes (Scherzer and Gruia, 1996). The typical composition of spent Ni-Mo 
and Co-Mo hydroprocessing catalysts is shown in Table 2.4. 
 
Table 2.4.  Typical composition of spent hydroprocessing catalysts (wt %)  
(Calcined Basis) (Scherzer and Gruia, 1996) 
Catalyst Type Element 
NiMo CoMo 
Al 33.1 28 
Mo 12.3 62 
V 0.05 10.5 
Ni 2.60 3.1 
Co <0.04 2.1 
W <0.05 <0.05 
Pb <0.05 <0.05 
Si 0.3 1.2 
Fe 0.12 0.7 
As <0.05 0.4 
P 3.2 0.05 
Na 0.03 0.5 
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During hydroprocessing, the catalysts are loaded with sulfur, vanadium and coke, 
whereas nickel, cobalt and molybdenum are converted into their respective sulfides. 
The porosity of the catalysts decreases and their activity is reduced, this eventually 
requires a replacement of the catalyst in the reactors. The spent catalysts can be 
regenerated and returned to the operation. However, there is a limit on the number of 
regeneration-utilization cycles. After several cycles, the recovery of the catalyst 
activity is not sufficient to warrant regeneration and the spent catalysts would have to 
be discarded. As a general rule, after the catalyst can no longer be regenerated to at 
least 75% of its original activity, it is reclaimed or disposed of (Furimsky, 1996). 
Currently spent hydrotreating and hydrorefining catalysts are classified as hazardous 
waste by the Environmental Protection Agency (EPA) in the USA (U.S. Code of 
Federal Regulations (CFR), Title 40, Chapter 1, Part 261 “Identification and Listing 
of Hazardous Waste”. 2001). As hazardous waste, spent catalysts must undergo 
incineration and stabilization treatments before landfill. 
  
2.7.3 Management of Spent Catalysts 
The disposal of spent catalysts is becoming increasingly difficult, largely as a result of 
the presence of heavy metals on the solids. These may be present as part of the 
original catalyst (for example, cobalt, or nickel on hydroprocessing catalysts) or may 
have been accumulated during use (nickel or vanadium on FCC catalysts). The 
amounts involved are large. The world market for installed hydrotreating catalysts in 
1986 was estimated at about 109 kg, containing about 3.5x107 kg of heavy metals. 
Assuming an average life of 7 years, 5x106 kg of heavy metals must be recovered or 
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disposed of every year (Trimm, 1997). Similarly, about 4 x 108 kg of spent catalysts 
from FCCU are produced annually on a global scale (Furimsky, 1996).  
In the past, most of the spent catalysts were sent to landfills. Metal extraction was 
limited mostly to precious metals, such as platinum group (i.e., platinum, palladium, 
ruthenium, and rhodium) as well as iridium and silver. However, increasingly 
stringent environmental regulations have restricted the use of landfills due to long-
term environmental risks. This has forced the industry to develop disposal routes that 
emphasize reclamation or recycling that convert the spent catalyst into useful 
products.  
Spent catalysts can be returned for reclaiming and recovery of the valuable materials 
to the same companies that produce them; these are the major metal refiners, such as 
Degussa, Englehard, and Johnson Matthey (Forman, 1996). 
 In Singapore, spent metal catalysts from chemical processes and petroleum refining 
(e.g., catalysts containing chromium, cobalt) are included in the list of toxic industrial 
waste controlled under the Environmental Public Health (Toxic Industrial Waste) 
Regulations (TIWR) (1988) (http://www.nea.gov.sg/cms/pcd/tiw_schedule.pdf). In 
2000, licensed companies collected about 1.2 x 108 kg of toxic industrial waste. These 
companies include Akzo Nobel Chemicals Pte Ltd (equilibrium catalyst (aluminium 
silicates) collection) and Environmental Solutions (Asia) Pte Ltd (metal catalysts 
collection) (http://www.nea.gov.sg/cms/pcd/tiwcollectors.pdf). About 70% of the 
collected toxic industrial waste was recovered or reclaimed for reuse and the 
remaining 30% was treated for disposal in landfills.  
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2.7.4 Metal Reclamation Technologies 
There is a variety of metal recovery methods. In many of these methods, the initial 
calcination (i.e., roasting) of the catalyst to remove coke and sulphur is followed by 
another calcination in the presence of a chemical additive that converts some of the 
metal oxides to water-soluble salts. These are subsequently leached with water and 
separated. Other methods consist of leaching some of the metals from the calcined 
catalyst with solutions of oxalic acid, either alone or in a combination with other 
reagents. The formation of metal oxalates during leaching allows the selective 
removal of nickel and vanadium from the catalyst. Dilute mineral acids have also 
been used for metal extraction. Calcination in chlorine gas, leading to the formation of 
soluble metal oxychlorides, has been recommended for the removal of nickel, cobalt, 
and vanadium (Scherzer and Gruia, 1996).  
The technologies used commercially for total or partial reclamation of components 
from spent catalysts can be divided into two categories: hydrometallurgical and 
pyrometallurgical. In some instances, a combination of the two technologies is also 
used. The metals are reclaimed for sale or use, whereas the remaining metals are sold, 
reused, or disposed of as nonhazardous waste. 
 
2.7.4.1 Hydrometallurgical Processes 
 This process mainly involves leaching, washing and drying processes. Organic agents 
(e.g., oxalic acid, citric acid, lactic acid, salicylaldehyde, aminophenol) and inorganic 
agents (e.g., sulphuric acid, sodium hydroxide) or a combination of both can be used 
as leaching agents (Furimsky, 1996).  In some processes, the spent catalyst is roasted 
prior to leaching in order to remove carbon and sulphur. The CRI-MET process is a 
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hydrometallurgical reclamation process used for the spent hydrotreating catalyst.  
When processing Ni-Mo or Co-Mo spent catalysts by this method, the solution 
obtained from the first leaching with weak caustic contains molybdenum, vanadium, 
and some impurities. The extract is submitted to purification and separation, resulting 
in concentrates of the corresponding metals. Molybdenum and vanadium can be 
separated by precipitation or over an ion exchange resin.  
 
2.7.4.2 Pyrometallurgical Processes 
 This approach mainly involves calcining, sulfiding, nitrogen stripping, and 
chlorinating processes.  The pyrometallurgical process typically consists of the 
following steps: (Scherzer and Gruia, 1996). 
1. Feed preparation, blending, agglomeration and palletizing; 
2. Roasting for carbon and sulphur elimination; 
3. Smelting in an electric furnace, resulting in a metal concentrate (i.e., matte) 
and slag; and 
4. Metal extraction and casting, or further metal refining. 
The final products from such a process are typically stainless steel alloys, purified 
metal concentrates, electrolytic nickel and cobalt, MoO3, V2O5, alumina slag, and/or 
some precious metals. 
 
2.7.4.3 Hydro/Pyrometallurgical Processes 
Some processes combine the hydrometallurgical method with a pyrometallurgical 
method. For example, in the Eurecat process, the solid obtained after the first leaching 
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step is submitted to a pyrometallurgical treatment, in which the solid is fused in an arc 
furnace at over 1500 ° C.  
 
2.7.4.4 Bioleaching Processes 
The high cost and the negative environmental impacts of conventional methods have 
led to the investigation of bioleaching technology as an alternative in the extraction of 
metals from spent catalysts.  
The bioleaching process is based on the ability of microorganisms (i.e., bacteria, 
fungi) to transform solid compounds resulting in soluble and extractable elements that 
can be recovered (Brandl et al., 1997). The bioleaching process is applicable in the 
recovery of valuable metals from ores as well as from some industrial waste products. 
The process can be applied for environmental protection, such as the detoxification of 
hazardous industrial waste products and processing of contaminated soil.  
However, very few reports on the bioleaching of metals from spent catalyst have 
appeared in the literature. Furimsky (1996) stated in a review of spent refinery 
catalysts that the US Department of Energy has initiated several projects on microbial 
recovery of metals from spent hydroprocessing catalysts and in one study, the NiMo 
catalyst used for coal liquefaction was treated with microorganisms such as T. 
ferrooxidans, denitrifiers and Sulfolobus. It was observed that the catalysts containing 
Mo and W required special attention. Thus, only microorganisms that are tolerant to 
these metals can be used efficiently. The T. ferrooxidans were good for releasing Ni 
from the catalysts, but toxic effects of Mo on the bacteria resulted in the use of a large 
volume of liquids and long contact times. The efficient leaching of both Ni and Mo 
was achieved by using the heterotrophic denitrifying bacteria. 
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Furimsky (1996) also reviewed a project, in which thermophilic cultures such as 
Bacillus stearothermophilus and Metallosphera sedula were grown at 60°C. Mo 
release from spent catalysts was dominated by the microbial growth, even though the 
release was found to be dependent on several factors. The microbial Mo release is a 
rapid process, requiring less than one week for 90 % of the releasable Mo to be 
solubilized from the Tetrahydrofuran (THF) washed uncrushed catalyst. 
Hahn et al. (1993) investigated the bioleaching of metals from an old catalyst used in 
silane production. In this study, heterotrophic microorganisms were isolated from 
copper-contaminated sites and the leaching experiments were carried out in 5-liter 
laboratory reactors with pulp densities of 2.5, 5 and 10%. Sugars were used as the 
substrate and a direct relation between substrate utilization and copper leaching were 
observed. In batch experiments with 2% sugar using Bacillus spp, only 23% of the 
total copper was leached from the spent catalyst, but 90 to 100 % of the metal 
contained in the catalyst was extracted after 17 days in fed-batch experiments. 
Briand et al. (1999) observed that bioleaching of Vanadium-Titanium and spent 
Vanadium-Phosphorous catalysts with A. thiooxidans cultures allowed up to 98.4% 
vanadium recovery. In this experiment, elemental sulfur was used as the energy 
source. A. thiooxidans catalyses the aerobic oxidation of elemental sulfur, which 
generates sulfuric acid and reduces intermediate species. These substances reduce and 
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CHAPTER 3    
BIOLEACHING OF SPENT FLUID CATALYTIC CRACKING 




A review of the literature reveals the use of microorganisms in the bioleaching of 
various metals from ore deposits and mine tailings, as well as in the treatment of 
various solid wastes. Similarly, bioleaching has also been carried out on spent 
catalyst. As stated earlier, Furimsky (1996) reviewed a project in which NiMo catalyst 
used for coal liquefaction was treated with microorganisms, such as T. ferrooxidans, 
denitrifiers and Sulfolobus. Hahn et al. (1993) investigated the bioleaching of metals 
from an old catalyst used in silane production using the Bacillus species. Vanadium 
has also been recovered from spent vanadium-phosphorous catalysts with 
Thiobacillus thiooxidans (Briand et al., 1999). However, the bioleaching of spent 
FCC catalyst has not yet been reported.  
Even though chemolithoautotrophic bacteria can be used successfully to solubilize 
metals from materials containing sulphide and/or ferrous compounds, an energy 
source has to be added for the leaching of materials which contain no metal sulfides 
or ferrous iron. Examples of such materials include carbonaceous low-grade ores or 
oxidic industrial secondary raw materials, such as filter dusts, slags, sludges and fly 
ash (Burgstaller and Schinner, 1993b). Spent FCC catalyst is one of the oxidic 
industrial waste materials. Hence, fungal leaching is likely to be more effective.  
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The purpose of this study was to determine selected aspects of the physical and 
chemical properties of spent FCC catalyst and investigate the use of heterotrophic 
filamentous fungi A. niger in the leaching of heavy metals from the spent catalyst 
under different pulp densities and bioleaching conditions. Commercial inorganic acids 
were also used to leach the spent catalyst and the results were compared with 
bioleaching. 
 
3.2 Materials and Methods 
3.2.1 Microorganism 
The heterotrophic fungus, Aspergillus niger was used in this research. It was obtained 
from Dr Brandl (University of Zurich, Switzerland). The fungus was cultivated in a 
3.9 % (w/v) potato dextrose agar (Becton Dickinson, USA) plate and incubated at 
30°C for 7-10 days to produce an adequate number of spores and then stored at 4 °C. 
 
3.2.2 Fluid Catalytic Cracking (FCC) Catalyst 
Fresh and spent catalysts used in this project were kindly provided by Singapore 
Refining Company, SRC. The catalyst is silica-alumina based and is commonly used 
in the Fluid Catalytic Cracking unit (hence designated the FCC catalyst) in petroleum 
refining. The off-white fine powder spent FCC catalyst was stored in plastic bottles 
and kept in a dry cabinet. They were used in all the experiments as received.  
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3.2.3 Characterization of the Catalyst 
3.2.3.1 Particle Size Distribution 
The particle size distribution was determined using a Coulter LS 230 particle size 
analyser with a size range of 0.04 to 2000 µm. This instrument consists of 116 
channels, spaced logarithmically, with each channel capable of detecting a specified 
particle size via light scattering. 
 
3.2.3.2 Specific Surface Area 
The specific surface area, total pore volume and the average pore diameter of the 
fresh, spent and bioleached catalysts were determined using a high speed gas 
adsorption analyser (Nova 3000 version 6.07, Quantachrome Corporation). Sample 
weight between 0.05 and 0.1 g was degassed overnight at 80 °C using nitrogen gas as 
the adsorbent. The sample was immersed in liquid nitrogen at a pressure of 770 
mmHg and temperature 77.4 K. The specific surface area was calculated based on the 
Brunauer-Emmett-Teller (BET) method. 
 
3.2.3.3 Morphology 
The morphologies of the catalysts were observed with a Scanning Electron 
Microscope (SEM) (Jeol JSM-5600 LV). The sample was spread on a metallic stud 
using carbon tape and coated with platinum. Image analysis was conducted at an 
accelerating voltage of 15-20 kV, and under a high vacuum. 
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3.2.3.4 Elemental Composition 
The elemental composition of the fresh, spent and bioleached spent catalyst was 
determined using three different methods: chemical analysis, scanning electron 
microscope-energy dispersive x-ray analysis (SEM-EDX) and CHN analysis.  
Chemical Analysis: Metal analysis was performed using inductively coupled plasma 
optical emission spectrometer (ICP-OES, Perkin-Elmer, Optima 3000V) after acid 
digestion of the samples. Approximately 0.2 g of the spent catalyst was heated in a 
furnace at 500 °C for four hours before it was placed in a Teflon bottle. Five ml of 
hydrofluoric acid (48%), 4 ml of perchloric acid (70-72%) and 10 ml of 1:1 HCl were 
added to the bottle and placed in a heated water bath at 80-90°C.  Heating continued 
until white fumes appeared. After cooling, 2 ml of H2O2 (30%) was added into the 
bottle and the heating was resumed.  The solution was concentrated to about 2 ml. 
The digestate was cooled, transferred to a 25 ml volumetric flask and diluted to 
volume using 20% HCl and analysed after filtration through a 0.45 µm glass fibre 
filter.   
SEM-EDX: The fresh, spent and bioleached spent catalysts were subjected to semi 
quantitative analysis using a JEOL JSM-5600LV scanning electron microscope-
energy dispersive x-ray analysis (SEM-EDX). The samples were sputter-coated with 
platinum (JFC-1300, Jeol, Tokyo) after spreading the sample on metallic studs with 
carbon tape prior to observation with the electron microscope.  
CHN Analysis: Carbon content of the fresh, spent and bioleached spent catalysts were 
determined using a CHNS/O analyser (Perkin-Elmer 2400 Series II). 1-2 mg of the 
catalyst samples were weighed into small tin vials with a Perkin-Elmer AD-6 
Ultramicrobalance. Four standard vials were also prepared using acetanilide 
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(Elemental Microanalysis Ltd, UK) containing 71.09 % C, 6.71% H, 10.36% N and 
11.84% O. The vials were placed in the auto-sampler installed on the analyzer. Before 
the samples were analysed, a series of blank runs (using empty vials) followed by 
three standard runs were carried out. These vials were combusted under oxygen 
stream in a furnace at 975°C. 
 
3.2.3.5 Toxicity Characteristic Leaching Procedure (TCLP) Tests 
Toxicity characteristic leaching procedure (TCLP) tests were performed on the 
catalysts according to the U.S. EPA SW 846 method 1311. Following the initial test 
to determine the appropriate extraction fluid, TCLP extraction fluid # 1 was used for 
the leaching test (Appendix A.2). The toxicity characteristic of the spent catalyst after 
bioleaching was also determined in order to investigate any changes in the 
concentration of the leachate arising from the bioleaching. The spent catalyst after a 
two-step bioleaching at 4% w/v pulp density was placed in a furnace at 500 °C (to ash 
the mycelia), washed with deionised water, dried to constant dry weight and subjected 
to the TCLP test.  
 
3.2.4 Bioleaching of Metals from Spent Catalyst  
3.2.4.1 Spore and Inoculum Preparation 
Seven to ten-day old conidia were harvested from a potato dextrose agar (Becton 
Dickinson, USA) surface by suspension in sterile deionised water followed by a 
passage through a sterile glass wool to free it from mycelia. The number of spores 
was determined by direct counting using a haemacytometer (Superior Marienfield) 
with an optical microscope (Olympus CX40) at 400 times magnification. The spore 
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suspension was then diluted with deionised water and standardized to a 1 x 107 
spores/ml of spore suspension.  
 
3.2.4.2 Growth Medium  
The growth medium for the fungi contained the following (in g/l) sucrose (100), 
NaNO3 (1.5), KH2PO4 (0.5), MgSO4.7H2O (0.025), KCl (0.025) and yeast extract 
(1.6) (Bosshard et al., 1996). The pH of the medium was ~ 5.5 and no pH adjustment 
was made.  
 
3.2.4.3 Bioleaching Process 
Bioleaching was performed in 250 ml Erlenmeyer flasks with 100 ml of a sucrose 
medium with the spent catalyst at various pulp densities. One-step bioleaching, two-
step bioleaching and spent medium leaching (see later) were investigated. Sterile 
experimental set-up was achieved by autoclaving at 121 °C for 15 minutes prior to 
inoculation. 
The cultures were incubated at 30°C with rotary shaking at 120 rpm. Samples (5 ml) 
were withdrawn at every 3-5 day for the following analyses: (i) pH, (ii) heavy metal 
concentrations, (iii) sugar concentrations and (iv) organic acid concentrations. The 
biomass dry weight was also determined at regular time intervals. 
One-step Bioleaching:  In one-step bioleaching, the fungus was incubated together 
with the medium and the catalyst. 1% and 2% w/v pulp densities were used in one-
step bioleaching.  
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Two-step Bioleaching: In the two-step bioleaching, the fungus was first cultured in a 
sucrose medium (i.e., in the absence of the catalyst) for two days, after which a 
sterilised catalyst was added. 1%, 2%, 4% and 8% w/v pulp densities were used in 
two-step bioleaching. 
Spent Medium Leaching: Spent medium leaching was carried out using the spent 
solution of the fungus. The spent medium of the fungus was obtained by passing the 
15-day old culture of A. niger through a glass wool, followed by centrifugation and 
filtration through a 1.5 µm 934-AH filter paper (Whatman®) and a 0.45 µm 
membrane filter (Sartorius) to ensure that the spent liquors were free of mycelium and 
spores. To ensure no microorganisms grow in the spent medium, 1 ml of 5% formalin 
was added to 100 ml of the spent medium. Spent catalyst at 1%, 2%, 4% and 8% w/v 
pulp densities were used in spent medium leaching. 
Control experiments: Together with the bioleaching studies, two control experiments 
were also conducted using deionised water and a fresh sucrose medium. These control 
experiments were performed under identical conditions and at the same pulp density 
of the spent catalyst used in bioleaching. 
 
3.2.5 Chemical Leaching of Metals from a Spent Catalyst 
Chemical leaching tests were also carried out to study the effects of various leaching 
agents on the metal leaching efficiency using oxalic, citric, gluconic, nitric and 
sulphuric acids at 20, 50 and 100 mM. Additionally, chemical leaching using a 
mixture of commercial citric, oxalic and gluconic acids at concentrations equal to the 
acids produced in the bioleaching processes were also carried out. The leaching tests 
were conducted using 100 ml of acid in a 250 ml Erlenmeyer flask with 2% (w/v) 
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pulp density of spent catalyst at 30 °C and 120 rpm. Liquid samples were collected 
after 72 hours for individual organic acid leaching and after 10 days for chemical 
leaching using a mixture of organic acids when the constant metal concentration was 
achieved. The samples were then filtered and analysed for metals using an ICP-OES. 
All experiments were conducted in duplicate. 
 
3.2.6 Analytical Methods 
3.2.6.1 Analysis of Sugars and Organic Acids  
Sucrose was provided as the sole carbon source for A. niger and was hydrolysed to 
glucose and fructose. The concentration of glucose was measured using a YSI 
biochemistry analyser with a glucose sensor. The concentration of sucrose and 
fructose, as well as the biogenically-produced organic acids (i.e., citric, gluconic and 
oxalic) were determined using a high performance liquid chromatography (HPLC) 
with a variable wavelength detector (VWD) at 210 nm for the organic acids and 
refractive index detector (RID) for the sugars. An Aminex HPX-87H, 300 x 7.8 mm 
(BioRad) column with a microguard cation H precolumn (BioRad) was used. The 
operation was carried out at 30°C, with a maximum operation pressure of 1 x 107 Pa. 
The mobile phase was 0.005 M sulphuric acid at a flow rate of 0.5 ml/min. Prior to 
analysis, the samples were filtered with a 0.2 µm nylon membrane syringe filter 
(Titan) to protect the column from being clogged by fine particles in the samples. 
The acid concentrations in the samples were calculated from the integrated areas of 
the peaks using external standards.  
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3.2.6.2 Analysis of Metals 
Metal analysis was performed using an inductively coupled plasma – optical emission 
spectrometer (ICP-OES, Perkin-Elmer, Optima 3000V) at the following wavelengths 
(nm): Al (308.215), Fe (259.940), Ni (231.604), Sb (206.833), V (292.402). ICP 
multi-element standard IV (Merck) at 1000 mg/l was used to prepare the calibration 
standards after dilution with 1 M nitric acid. Additional single element standards for 
Sb and V were also prepared. Samples from bioleaching and chemical leaching were 
filtered through a 0.45 µm Whatman Autovials® before analysis.  
The percentage of metal extraction in bioleaching and chemical leaching was 
calculated based on the metal concentration obtained from acid digestion:  
 
metal concentration in sample (mg/kg)% metal extraction = ×100
metal concentration in acid-digested extracts (mg/kg)
 
                                                                                                                            (3.1)  
3.2.6.3 Determination of Biomass  
To determine the fungal biomass (in the absence of spent catalyst in the medium), the 
culture broth was filtered through a Buchner funnel, after which the biomass was 
washed with deionized water and transferred to a pre-weighed evaporating dish and 
dried at 80 °C for 24 hours, cooled in a desiccator and weighed. In experiments, 
where the spent catalyst was present in the medium, the culture broth was filtered 
through a Buchner funnel and the biomass was washed with deionized water until the 
filtrate was free of the spent catalyst. The biomass together with any residual spent 
catalyst was dried at 80 ºC for 24 hours, cooled in a desiccator and weighed, and 
finally ashed at 500 °C for 4 hours in a Carbolite CWF 1100 furnace. The weight of 
Chapter 3                                                             Bioleaching of Spent FCC by A. niger 
 47
the biomass was calculated from the difference between these two temperature 
settings.  
 
3.2.6.4  pH Measurement 
The pH of the samples was measured using a pH meter (Orion, Model 420 A), which 
was calibrated using buffers of pH 4 and pH 7 (Merck).  
 
3.3 Results and Discussion 
3.3.1 Characterization of the Catalyst 
3.3.1.1 Particle Size Distribution  
Figure 3.1 (a) shows the mean particle diameter of the fresh, spent and bioleached 
FCC catalyst at 70.6, 93.7 and 81.1 µm, respectively. The larger mean particle 
diameter of the spent catalyst is due to the deposition of coke and other metal 
contaminants during the reaction. Bioleaching resulted in an approximate 13 % 
reduction in the mean particle diameter; the deposited coke and some metal 
components were leached out during bioleaching.  
From Figure 3.1(b), it can be observed that the particle size of the catalyst was less 
than 200 µm in all cases, and particles smaller than 150 µm accounted for about 90 % 
of the total volume. The particle size distribution of the fresh catalyst was consistent 
with that of a typical fresh FCC catalyst (Sadeghbeigi, 1995).  The volume percentage 
of a fresh catalyst with particle size less than 40 µm was significantly higher than that 
of spent and bioleached catalysts, possibly because particles in this size range escaped 
the unit via the cyclones after a few cycles. 
























Figure 3.1 (a)  Mean particle diameter of fresh (FFCC), spent (SFCC) and bioleached 


































Figure 3.1 (b)  Particle size distribution of fresh (FFCC), spent (SFCC) and 
bioleached spent FCC (BSFCC) catalysts (BSFCC at 1% pulp density, one-step 
bioleaching, after 35 days) 
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3.3.1.2 Specific Surface Area 
Results of the BET analysis for the fresh catalyst (Table 3.1) are consistent with the 
literature (Wojciechowski and Corma, 1986). BET analysis also showed that the 
specific surface area of the spent catalyst decreased by about 31.5 % compared to the 
fresh catalyst possibly due to the fouling by contaminant metals.  Interestingly, 
bioleaching of the spent catalyst increased its specific surface area beyond the original 
fresh catalyst by about 10%.  
 
Table 3.1.  Specific surface area, total pore volume and average pore diameter of fresh 
(FFCC), spent (SFCC) and bioleached spent FCC (BSFCC) catalysts 
 FFCC SFCC BSFCC* 
Specific Surface Area (m2/g) 121.55 ± 10.34 83.31 ± 0.68 133.47 ± 3.35 
Total Pore Volume (cc/g) 0.14 ± 0.006 0.133 ± 0.01 0.188 ± 0.003 
Average Pore Diameter (A°) 46.83 ± 2.77 63.85 ± 2.97 56.40 ± 0.72 
* BSFCC at 1% pulp density, one-step bioleaching, after 35 days. 
 
3.3.1.3 Morphology 
The SEM photomicrograph of the fresh FCC (Figure 3.2 (a)) revealed the spherical 
shape of the catalysts, with a considerable variation in particle size. In the case of the 
spent FCC (Figure 3.2 (b)) however, a more homogeneous distribution of the discrete 
particles, with no fines was observed. These figures are consistent with the particle 
size distribution as shown in Figure 3.1 (b).  The absence of the fine particles in the 
spent FCC is due to its loss from the unit with the regenerator flue gas and the reactor 
vapour. The bioleached FCC (Figure 3.2 (c)) again showed the absence of fines, as 
well as evidence of small broken particles, possibly due to the effect of bioleaching. 
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Figure 3.2 (a)  An SEM image of a fresh FCC catalyst (120 x magnification) 
 
 
Figure 3.2 (b)  An SEM image of a spent FCC catalyst (120 x magnification) 
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Figure 3.2 (c)  An SEM image of a bioleached spent FCC catalyst (120 x 
magnification) 
 
3.3.1.4 Elemental Composition 
From Table 3.2, it can be observed that nickel and vanadium were not found in the 
fresh catalyst, but in the spent and bioleached spent catalyst. These metals must have 
been accumulated during use; the contaminant metals originate from the high-
molecular weight fraction of the feed to the FCC. Sun et al. (1998) also reported a 
similar amount of vanadium and nickel on the spent FCC catalyst. The presence of 
antimony in the spent catalyst is due to injection of the metal into the fresh feed to 
passivate nickel compounds in the FCC feed (Sadeghbeigi, 1995). The semi 
quantitative SEM-EDX results show that the most abundant element in all the 
catalysts was oxygen; the high concentration of oxygen is due to the presence of 
metals as metal oxides. Not unexpectedly, the carbon content of the SFCC was higher 
than that of FFCC, indicating that some residual coke still remained in the spent 
catalyst after regeneration. (The small amount in the spent catalyst may be attributed 
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to its withdrawal downstream of the regenerator in the FCC unit; the FCC unit 
incorporates a catalyst regenerator immediately after the reactor, and the regenerated 
catalyst is recycled back to the reactor.)  The much higher carbon content of the 
BSFCC may be attributed to the deposition of some residual carbon from the sugars in 
the culture medium. (It was confirmed when washing the BSFCC with deionised 
water and hot water resulted in a carbon content of 3.4 (± 0.02) and 1.66 (± 0.01) 
weight % respectively). From the analyses, it is evident that the spent catalysts 
contain the heavy metals, nickel, antimony and vanadium.  
 
Table 3.2.  Elemental compositions of fresh (FFCC), spent (SFCC) and bioleached 
spent FCC (BSFCC) catalysts 
Elemental composition of catalysts (weight %) 
Elements 
FFCC SFCC BSFCC* 
Al (a) 19.09 ± 2.83 17.50 ± 2.49 (33.08 as Al2O3) 9.38 ± 0.62 
Fe (a) 0.28 ± 0.10 0.56 ± 0.12 0.37 ± 0.02 
Ni (a) nd 0.26 ± 0.07 (~2600 ppm) 0.24 ± 0.01 
Sb (a) nd 0.03 ± 0.005 (~ 280 ppm) 0.026 ± 0.001 
V (a) nd 0.39 ± 0.07 (~ 3900 ppm) 0.22 ± 0.01 
O (b)      77.53 ± 2.10   54.44 ± 0.61 82.72 ± 4.84 
S (b)        0.47 ± 0.08           nd  nd 
Si (b)      10.48 ± 0.93   22.46 ± 0.77 9.19 ± 2.95 
C (c)        0.15 ± 0.03 0.44 ± 0.03 1.66 ± 0.01 
(a) Analysed using an ICP-OES 
(b) Analysed using an SEM-EDX 
(c) Analysed using a CHN analyser 
* BSFCC at 2% pulp density, two-step bioleaching, after 38 days 
nd:  not detected  
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3.3.1.5 Toxicity Characteristic Leaching Procedure (TCLP) Tests 
Table 3.3 compares the TCLP tests results of spent and bioleached catalysts with the 
TCLP regulatory level set by the US EPA and the treatment standards for hazardous 
waste for spent hydrorefining catalysts set by the US EPA, as well as the 
recommended acceptance criteria for disposal set by the National Environment 
Agency (Singapore). Although there are currently no regulations on the disposal and 
the storage of FCC catalysts, Furimsky (1996) argued that it is reasonable to assume 
that most of the regulations applicable to spent hydroprocessing catalysts can be also 
applied for spent FCC catalysts.  The TCLP test results showed that the concentration 
of vanadium and antimony in the spent FCC exceeds the limit for the treatment 
standards for hazardous waste for spent hydrorefining catalysts. It may be argued that 
the spent FCC catalyst exhibits toxicity characteristics and should be treated before 
disposal. Although they are currently classified as non-hazardous waste by the 
Environmental Protection Agency (EPA) in the USA, it is certainly likely that the 
disposal of spent FCC catalyst will be regulated in the future.  It is noteworthy that 
Table 3.3 also showed that the concentration of metals was reduced to well below the 
regulatory limits after bioleaching.  Thus, the bioleached spent catalyst may be 







Chapter 3                                                             Bioleaching of Spent FCC by A. niger 
 54
Table 3.3.  TCLP tests results for spent (SFCC) and bioleached spent FCC (BSFCC) 
catalysts 
Element Metal concentration in the extraction fluid (mg/l) 















Al 1.45 ± 0.07 1.02 ± 0.00 Ns ns ns 
Ni 0.33 ± 0.02 0.22 ± 0.02 5 ns 11 
V 5.62 ± 0.15 0.37 ± 0.01 ns ns 1.6 
Sb 1.41 ± 0.10 0.13 ± 0.02 ns ns 1.15 
Fe 0.05 ± 0.01 0.03 ± 0.04 100 ns ns 
a:  Recommended acceptance criteria for suitability of industrial waste for landfill 
disposal set by the National Environment Agency, Singapore. 
b: “Identification and Listing of Hazardous Waste” U.S. Code of Federal Regulations 
(CFR), Title 40, Chapter 1, Part 261. 
c: “Treatment standards for hazardous waste” for spent hydrorefining catalysts. U.S. 
Code of Federal Regulations (CFR), Title 40, Chapter 1, Part 261, Subpart D  
*:  BSFCC at 4% pulp density, two-step bioleaching, after 41 days. 
ns: not stated 
  
3.3.2 Bioleaching of Metals from Spent FCC Catalyst  
3.3.2.1 Pure Culture of A. niger 
Prior to the bioleaching processes, a pure culture of A. niger was incubated until it 
reached the stationary phase in order to determine the optimum period for the addition 
of catalyst, as well as to obtain the spent medium by filtration of the culture. A pure 
culture (without the spent catalyst) experiments were carried out under identical 
conditions of bioleaching (see Section 3.2.4.3). Figure 3.3 (a) shows the changes in 
the concentration of sugars and biomass during 43 days of incubation. Sucrose was 
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completely hydrolyzed to glucose and fructose within two days of incubation, a result 
consistent with Hossain et al. (1984). The glucose concentration was 4.5 g/l at the 
start of the experiment and dramatically increased to 38 g/l on day 2, beyond which a 
decrease was observed before it was depleted after 35 days.  The decrease in sugar 
concentration was accompanied by an increase in fungal biomass; the biomass 
attained a constant dry weight of about 25 g/l during the stationary phase. 
Along with the sugar consumption, the primary metabolites of citric acid, oxalic acid 
and gluconic acid were produced. It was found that citric acid was the most abundant 
organic acid excreted by the fungus, reaching a maximum yield of about 71 mM at the 
end of incubation (Figure 3.3 (b)). The maximum concentrations attained during the 
incubation were 52.6 mM and 9.96 mM for gluconic acid and oxalic acid, 
respectively. This finding is in good agreement with earlier publications which 
showed that low pH (<3) favours the production of citric acid, but not gluconic acid 
and oxalic acid (Rohr et al., 1983a; Rohr et al., 1983 b; Burgstaller and Schinner, 
1993a; Bosshard et al., 1996).  The value of pH decreased to 3.1 after 2 days 
incubation and remained constant at about 2.7. 
The increase in acid and biomass concentration, and the complete hydrolysis of 
sucrose on the second day of incubation indicated that A. niger was in the active 
growth phase. Thus, the spent catalyst was added to the culture for bioleaching after 
two days of incubation (under the two-step process). As 14 days of incubation marked 
the beginning of the stationary phase, the spent medium was obtained by filtering the 
culture after this period. 
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Figure 3.3 (b)  Concentrations of organic acids and pH in the pure culture of A. niger 
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3.3.2.2 Biomass and Sugar Consumption in Bioleaching 
Figure 3.4 (a) and 3.4 (b) show the changes in the concentrations of sugars during the 
one-step bioleaching at 1% w/v and 2% w/v pulp density. From these figures, it can 
be seen that sucrose was hydrolyzed by A. niger after 2 days of incubation, which 
marks the beginning of the fungal growth in the presence of the catalyst. The rate of 
hydrolysis was similar to that in the pure culture, where the sucrose was almost 
completely hydrolyzed to glucose and fructose within two days after the growth of the 
fungus. Compared with the control, there was no delay in the hydrolysis process. This 
indicated that there was no inhibition effect of the catalyst on the growth of A. niger at 
1% and 2% pulp density. However, a delay in the hydrolysis (up to 14 days and 22 
days for 1% and 2% pulp density) occurred in bioleaching of fly ash by A. niger (Wu, 
2002). This may be due to the low toxicity of the spent FCC catalyst compared to fly 
ash. About 99 % of glucose and 80% of fructose was consumed after 29 days and 31 
days at 1% and 2% w/v pulp density, respectively. Glucose was consumed at a faster 
rate than fructose in all the processes, (i.e., pure culture, one-step bioleaching and 
two-step bioleaching). 














































Figure 3.4 (b)  Concentrations of sugars in one-step bioleaching at 2% pulp density 
 
In the two-step process, the sucrose was fully hydrolyzed by A. niger before the 
addition of the catalyst to the culture medium. Hence, the growth of fungus was 
indicated by the consumption of glucose and fructose. Glucose was fully consumed 
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after 32, 33, 41 days for 1%, 2% and 4% pulp densities respectively and a small 
amount of glucose was still detected after 52 days of leaching for 8% w/v pulp density 
(Figures 3.5 (a-d)).  The delay in the consumption of the sugar at higher pulp densities 
may due to growth inhibition. Similar to the one-step process, a faster rate of glucose 























Figure 3.5 (a)  Concentrations of sugars in the two-step bioleaching at 1% pulp 
density 
 















































Figure 3.5 (c)  Concentrations of sugars in the two-step bioleaching at 4% pulp 
density 
 























Figure 3.5 (d)  Concentrations of sugars in the two-step bioleaching at 8% pulp 
density 
 
The fungal biomass increased along with a simultaneous decrease in the glucose and 
fructose concentrations. Biomass produced in one-step and two-step bioleaching 
showed a similar growth rate, which was independent of the spent catalyst pulp 
density. The final biomass attained was in the range of 20-25 g/l in all the bioleaching 
experiments and was similar to the biomass obtained in the pure culture of A. niger, 
although a more rapid fungal growth occurred in the pure culture (Comparing Figure 
3.3 (a), 3.6 (a) and 3.6 (b)). The presence of a spent catalyst in the medium however 
delayed the metabolism of the fungus, and resulted in slower biomass formation. In 
general, the concentrations of sugars decreased with an increase in the dry weight of 
the biomass. For example, the concentration of glucose (initially at approximately 40 
g/l after the addition of the catalyst) decreased exponentially and was zero after 
approximately 30 days. These results are in good agreement with the fungal growth.  
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Figure 3.6 (b)  Biomass formation in two-step bioleaching of 1%, 2%, 4% and 8% 
w/v pulp density 
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3.3.2.3 pH Profiles and Acid Production in Bioleaching 
pH decreased rapidly with the growth of the fungus. Figure 3.7 (a) shows the pH 
profile during a one-step bioleaching in comparison with that of a A. niger pure 
culture. The pH decreased from an initial 5.5 to approximately 3.4 for 1% and 2% 
pulp density and to 3.1 for pure culture after 3 days. The decrease in pH during the 
fungal growth was due to the production of organic acids by the fungus; these include 
citric, oxalic and gluconic acids (Bosshard et al., 1996; Castro et al., 2000; Brandl et 
al., 2001). It was found that pH profiles for 1% and 2% pulp density are almost 
identical but these are higher than that for a pure culture. This may be attributed to the 
presence of slightly alkaline spent catalyst.  
Figure 3.7 (b) shows the pH profiles of two-step bioleaching at various pulp densities. 
The pH increased from an initial 3.2-3.41 to 3.46-4.22 after the addition of the 
catalyst depending on the pulp density. This may due to slightly alkaline nature of the 
spent catalyst. Subsequently, the pH decreased steadily to 2.64-2.94 after 20 days and 
gradually increased again. The low pH values occurred after 10 days of incubation for 
up to 30 days. This is consistent with the occurrence of maximum organic acid 
production during that period (Figures 3.8 (a), (b) and 3.9 (a)-(c)).  
 














Figure 3.7 (a)   pH profiles in one-step bioleaching at1% and 2% w/v pulp density in 
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Figure 3.7 (b)   pH profiles in two-step bioleaching at 1%, 2%, 4% and 8% w/v pulp 
density  
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The amount of organic acids produced depends on many factors including the 
buffering capacity of the medium, the carbon source, the ratio of nitrogen to 
phosphate in the medium, and the experimental conditions for the fungal growth 
(Burgstaller and Schinner, 1993a). Citric acid, as the main leaching agent, was 
produced at a maximum concentration of 45-85 mM, together with small quantities of 
oxalic and gluconic acids (Figures 3.8 (a), (b) and 3.9 (a)-(c)). It was noted that the 
concentration of gluconic acid was higher than that of citric acid at 8% pulp density 
(Figure 3.9(d)). The presence of high amounts of slightly alkaline spent catalysts 
increased the pH of the culture medium (4.22 after a two-day incubation), and thus 
activated the enzyme glucose oxidase, which converts glucose to gluconic acid 
(Dellweg, 1983). Bosshard et al. (1996) also reported that the production of high 
concentrations of gluconic acid (>100 mM) in the bioleaching of municipal solid 
waste fly ash due to the high alkalinity of the fly ash. In general, the oxalate secretion 
of the fungus A. niger was found to increase over 46 days for 1, 2 and 4 % of pulp 
density.  
A comparison of the one-step and two-step bioleaching at the same pulp density at 1% 
and 2% w/v (Figures 3.8 (a), (b) and 3.9 (a), (b)) shows that more organic acids were 
produced in the two-step bioleaching. It is believed that the production of some 
organic acids and other metabolites by the fungus before the addition of the spent 
catalyst in two-step bioleaching could have formed complexes with the inhibitory 
metals, and thus reduced the toxic effect on the fungus and increased the acid 
production.  
 













































Figure 3.8 (b) Organic acid production in one-step bioleaching at 2% w/v pulp density 
 

















































Figure 3.9 (b)  Organic acid production in two-step bioleaching at 2% w/v pulp 
density 
 

















































Figure 3.9 (d)  Organic acid production in two-step bioleaching at 8% w/v pulp 
density 
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The spent medium leaching at various pulp densities (i.e., 1%, 2%, 4% and 8%) was 
also conducted. The main leaching agent in the spent medium was citric acid, which 
was produced at approximately 57 mM after 14 days (see Figure 3.3 (b)). The 
concentration of gluconic and oxalic acid were 47.7 and 7.2 mM, respectively.  
The pH of the spent medium harvested after 14 days of incubation of the culture was 
2.72, but increased progressively with time to 2.91-3.2 at the end of the incubation, 
depending on the pulp density (Figure 3.10 (a)). The increase in pH was due to 
reactions between organic acids and the spent catalyst that consumed protons during 
the leaching and the slight alkaline property of the catalyst. Since the amount of acids 
in the leaching systems was the same, more protons from organic acids will be 
consumed at higher pulp densities and therefore a greater increase in pH was 
observed.  Castro et al. (2000) observed similar trends in the pHs of silicate (i.e., 
calamine and garnierite) suspensions with a leaching solution (i.e., spent medium) of 
A. niger. 
The pH profiles in the control test using a fresh medium at various pulp densities are 
shown in Figure 3.10 (b). The pH increased gradually from an initial 5 to 5.3-5.65 
after the addition of catalyst up to l5 days due to its slightly alkaline nature. Beyond 
that, the pH remained relatively constant.  
The pH profiles in a deionised water control test showed similar trends. The pH 
increased markedly from an initial 4.3 to 5.8-6.2 three days after the addition of the 
spent catalyst and thereafter it remained relatively constant (Figure 3.10 (c)). 
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Figure 3.10 (a)   pH profiles in a spent medium leaching at 1%, 2%, 4% and 8% w/v 
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Figure 3.10 (b)   pH profiles in a fresh medium leaching at 1%, 2%, 4% and 8% w/v 
pulp density  
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Figure 3.10 (c)  pH profiles in deionised water leaching at 1%, 2%, 4% and 8% w/v 
pulp density  
 
3.3.2.4 Metal Leaching Efficiency at Various Pulp Densities 
Figure 3.11 shows the metal leaching efficiency in the one-step process at 1% and 2% 
w/v pulp density. Results showed that the metal leaching efficiency of 1% w/v spent 
catalyst is higher than that of 2% w/v spent catalyst for Al, V and Sb. The Fe 
concentration in the leachate of 1% pulp density and the Ni concentration in the 
leachates of 1 % and 2 % pulp density were below the detection limit. As the pulp 
density increased, metal leaching efficiency decreased. 
A comparison between metal leaching efficiency of one-step and two-step bioleaching 
process at 1 % and 2 % of pulp density shows that metal leaching efficiency in the 
two-step process is higher than that in the one-step process (Figure 3.12). As it was 
explained earlier, the production of some organic acids and other metabolites by the 
fungus before the addition of the spent catalyst in the two-step bioleaching could have 
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formed complexes with the inhibitory metals, and thus reduced the toxic effect on the 
fungus and increased the acid production and hence increased the leaching efficiency. 
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Figure 3.12  Comparison of metal leaching efficiencies between one-step and two-
step bioleaching at 1 and 2 % of pulp density
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Figure 3.13 shows the metal leaching efficiencies of the two-step process at various 
pulp densities. The optimum pulp density for bioleaching was 1% w/v for almost all 
the metals investigated. The efficiency of bioleaching depends, among other factors, 
on the pulp density. An increase in pulp density increases the total particle surface 
area, which will accelerate the leaching process. On the other hand, higher pulp 
densities increase the amount of soluble and dissolved compounds in the leaching 
suspension, which may inhibit microbial activity (Bosecker, 1986a). Therefore, the 
decrease in the metal leaching efficiency with an increase in the pulp density is 
expected.  
Spent medium showed a decrease in percent metal leaching as the pulp density 
increased (Figure 3.14). The decrease in metal extraction was due to the consumption 
and availability of protons, with citric acid as the donor. The use of spent medium for 
metal leaching has been reported. For instance, spent medium from A. niger was used 
to leach copper, iron, zinc and nickel from copper mine residues at various pulp 
densities (Mulligan et al., 1999).  Castro et al. (2000) also reported the use of the 
supernatant liquor of A. niger culture for the leaching of silicates (i.e., calamine and 
garnierite).   
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Figure 3.14  Metal leaching efficiency in spent medium leaching at various pulp 
densities 
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In the control test using a fresh medium and deionised water, the pH remained nearly 
constant at the various pulp densities at about 5.2 - 5.6 for fresh medium leaching and 
about 6 for deionised water leaching. Therefore, the change in metal leaching 
efficiency at different pulp density was mainly due to the liquid/solid ratio. Figure 
3.15 and 3.16 show extraction efficiency increased with decreased in pulp density 
(i.e., high liquids/solid ratio). A high liquids/solid ratio enhances the dissolution of 
metals, thus giving higher metal extraction, as reported by Mizutani et al., (1996). In 
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Figure 3.15  Metal leaching efficiency in fresh medium leaching at various pulp 
densities 
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Figure 3.16  Metal leaching efficiency in deionised water leaching at various pulp 
densities 
 
3.3.2.5 Metal Leaching Efficiency under Various Leaching Processes 
The metal leaching efficiency under various processes at 1, 2, 4 and 8 % w/v pulp 
density are shown in Figures 3.17 (a)-(d). A two-step bioleaching consistently 
resulted in the highest metal leaching efficiency for all metals investigated for all pulp 
densities, followed by one-step bioleaching (for 1% and 2% pulp density). This is 
followed by spent medium leaching with generally 30-50 % lower leaching 
efficiency, and lastly the control tests with < 20 % leaching efficiency. A fresh 
sucrose medium and deionised water only can leach out vanadium and antimony.  
Generally, two-step process gave 1-14% higher metals leaching efficiency than one-
step process. Low solubilization of metals in one-step bioleaching is due to a lower 
production of organic acids (see figures 3.8 (a), 3.8 (b), 3.9 (a) and 3.9 (b)), as the 
ability and efficiency of the fungus to solubilize metal compounds are primarily 
dependent on organic acid production (Sayer et al., 1995).  
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It has also been proposed that the higher leaching yield in bioleaching compared to 
spent medium leaching may be due to bioaccumulation occurring in the former 
(Burgstaller and Schinner, 1993a; Sayer and Gadd, 1997). Bosshard et al. (1996) also 
claimed bioaccumulation as one of the mechanisms of fungal bioleaching, and 
reported an approximately 5 % higher leaching efficiency in bioleaching than a spent 
medium for Al, Fe, Mn and Ni. Castro et al. (2000) also reported higher 
concentrations of zinc and nickel in bioleaching by A. niger compared to using the 
supernatant liquor.  
A fresh sucrose medium leaching generally gave relatively higher metal extraction 
than deionised water leaching for all pulp densities investigated. This is most 
probably due to the binding capacity of several constituents in the microbial growth 
media, which are rich in both organic and inorganic compounds (Ramamoorthy and 
Kushner, 1975).  
It is evident that bioleaching with A.niger was able to leach heavy metals from the 
spent catalyst, with the two-step bioleaching process effecting a faster removal of 
heavy metals and a reduction in the toxic effects to the microorganisms (Brandl et al., 
2001). Although a spent medium generally yielded a lower metal leaching efficiency 
than bioleaching, it has the advantages of easier handling, a shorter processing time, 
as well as allowing optimization by varying the experimental conditions, such as 
temperature and rotating speed (Bosshard et al., 1996).  Since the production of the 
organic acids and the leaching process may be decoupled and optimized separately, 
the issue of metal toxicity to the fungi at higher pulp densities does not arise. 
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Figure 3.17 (b)  Metal leaching efficiency in various leaching processes at a 2 % w/v 
pulp density 
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Figure 3.17 (d)  Metal leaching efficiency in various leaching processes at a 8 % w/v 
pulp density 
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3.3.3 Chemical Leaching using Commercial Organic and Inorganic Acids 
Table 3.4 shows the metal leaching efficiencies of various organic and inorganic acids 
at 20, 50 and 100 mM at 2% w/v pulp density together with the pH of acids tested. It 
was found that the leaching efficiency of the metals increased with increasing 
concentrations of the acids. Lower pH at higher acid concentrations favors metals 
dissolution and increases the availability of metal ions (Gadd and Griffiths, 1978). 
Thus, metal leaching yield was enhanced at the higher acid concentrations (Neal et al., 
1997). However, no significant increase in metal leaching efficiency occurred in citric 
acid leaching, although the acid concentration was increased from 20 to 50 and 100 
mM. This is probably due to the similar pH of acids at different concentrations.  
Figures 3.18 (a)-(c) compare the metal leaching efficiency of various acids at 20, 50 
and 100 mM at a 2 % pulp density. Oxalic acid showed the highest leaching 
efficiency for all metals tested except Sb. The highest Sb leaching efficiency was 
obtained by leaching with citric acid. Gluconic acid showed the lowest leaching 
efficiency.  This is likely to be due to the high pH of gluconic acid; the average pH of 
gluconic acid (at 20, 50 and 100 mM) was 6, whereas that of the other acids was less 
than 3.5 (Table 3.4).  
In leaching with sulphuric acid and nitric acid, Sb can only be leached out at a lower 
concentration of 20 mM. No Sb leaching was observed when the concentration of 
these two acids was increased to 50 and 100 mM, although the pH of the leaching 
medium decreased. This is probably due to precipitation of the metal ions. 
Kamali and Mulligan (2002) demonstrated that in the chemical leaching of low-grade 
ores at 10% w/v using oxalic and citric acids (0.5%), oxalic acid showed a higher 
leaching efficiency for zinc and iron, while citric acid showed a higher leaching for 
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copper and nickel. Castro et al. (2000) found that in zinc leaching, citric acid showed 
a 50% higher yield compared with oxalic acid.  The dissimilarity of metal leaching 
efficiency by the same acid in these investigations is likely to be due to the dissimilar 
nature of the solid waste used in these studies. 
 
Table 3.4.  Metal leaching efficiencies of various organic and inorganic acids at 20, 
50 and 100 mM at a 2 % w/v pulp density 






acids Al Sb Fe Ni V 
Citric acid 20 3.06 9.09 33.36 9.45 1.28 21.53
 50 2.71 9.77 39.82 9.94 1.47 21.66
 100 2.52 10.11 38.94 10.38 1.60 22.04
Oxalic acid 20 3.46 9.66 1.73 8.56 1.62 22.30
 50 2.13 13.96 19.47 17.48 3.31 32.23
 100 1.75 14.46 34.34 18.99 3.71 32.16
Gluconic acid 20 6.09 0.83 18.74 1.73 0.31 5.68 
 50 6.30 1.68 28.50 2.96 0.36 11.32
 100 6.24 2.23 28.05 3.34 0.44 11.01
Sulphuric acid 20 2.90 9.11 1.50 4.76 1.53 18.56
 50 1.86 13.01 0.00 13.27 2.63 26.55
 100 1.37 13.93 0.00 15.53 3.03 28.49
Nitric acid 20 3.47 4.43 1.42 3.27 0.89 9.67 
 50 2.27 10.89 0.00 5.87 1.82 21.85
 100 1.57 12.94 0.00 11.94 2.45 25.97
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Sulphuric Nitric Oxalic Citric Gluconic
 
Figure 3.18 (b)  Metal leaching efficiency at 50 mM of various acids at a 2 % w/v 
pulp density 



















Sulphuric Nitric Oxalic Citric Gluconic
 
Figure 3.18 (c)  Metal leaching efficiency at 100 mM of various acids at a 2 % w/v 
pulp density 
 
3.3.4 Comparison of Leaching Efficiency between Chemical Leaching and 
Bioleaching 
Leaching efficiency of the biogenically produced citric, gluconic and oxalic acids in 
various bioleaching processes of was compared with commercial citric, gluconic, and 
oxalic acids of equal molarity to assess the relative role of these organic acids in the 
leaching processes, as other substances in the culture liquors may also play an 
important role in mobilizing metals from the spent catalyst. 
Table 3.5 shows the acid concentration in different biological/chemical leaching 
processes and a comparison of the pH at the end of the process. A comparison of the 
leaching efficiency between biological leaching and equimolar chemical leaching are 
shown in Figures 3.19 (a) – (c). Generally, bioleaching gave 0.8 - 20 % higher metal 
extraction efficiency than chemical leaching with commercial organic acids at the 
same concentration.  These results corroborate the results of Illmer et al. (1995), who 
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reported that metal leaching efficiency of chemical leaching using a mixture of 30 
mM citrate, 30 mM of gluconate and 1 mM of oxalic was distinctly less than the 
efficiency of biotic leaching, although acids were employed at higher concentrations 
than observed in a culture solution of A. niger.  Kamali and Mulligan (2002) also 
reported that chemical leaching efficiency of copper from low-grade ores by citric 
(25% extraction) and oxalic acids (7% extraction) was lower than the biotic leaching 
by A. niger (60% extraction). Castro et al. (2000) also showed that chemical leaching 
using citric acid was less effective in the extraction of nickel from garnierite 
compared to bioleaching by A. niger.  These results affirm the conclusions by 
Schinner and Burgstaller (1989), who proposed that the enhancement in bioleaching 
efficiency over chemical leaching might due to the action of secondary metabolic 
products such as alkaloids, steroids and antibiotics etc. 
 
Table 3.5.  Concentration of organic acids produced in various bioleaching processes 
and pH of liquors at the end of the leaching experiments 








One-step bioleaching C: 51.1 + G: 31.0 + O: 34.2 3.05 2.96 
Two-step bioleaching C: 85.5 + G: 13.6 + O: 36.1 4.47 2.85 
Spent medium 
leaching 
C: 57.0 + G: 47.7 + O: 7.2 2.95 2.99 
C: citrate; G: gluconate; O: oxalate 
 

























Figure 3.19 (a)   A comparison of metal leaching efficiency between one-step 
























Figure 3.19 (b)   A comparison of metal leaching efficiency between two-step 
bioleaching and chemical leaching using equal molarity of acids, with a 2 % w/v pulp 
density 
























Figure 3.19 (c)   A comparison of metal leaching efficiency between spent medium 
leaching and chemical leaching using equal molarity of acids, with a 2 % w/v pulp 
density 
 
3.4 Conclusions and Recommendations 
3.4.1 Conclusions  
This research investigated the potential of using bioleaching for the removal of metals 
from a spent FCC catalyst. Some physical and chemical properties of spent FCC 
catalyst as well as spent catalyst after bioleaching were determined. Bioleaching of 
spent FCC catalyst was studied using the fungus Aspergillus niger. Metal leaching 
efficiency under various leaching processes at different pulp densities was also 
investigated. Finally, the efficiency and effectiveness of bioleaching was evaluated 
and compared with chemical leaching. The main conclusions obtained from this 
research are summarized below. 
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3.4.1.1 Physical and Chemical Characterization of FCC catalysts 
Oxygen is the most abundant element in all the catalysts followed by silicon and 
aluminium.  Nickel, vanadium and antimony were not found in the fresh catalyst, but 
only in the spent catalyst. The metal contents were reduced after bioleaching. The 
mean particle diameter of the spent catalyst was 93.65 µm and larger than that of the 
fresh catalyst, and the particle size was reduced after bioleaching. Particle size of the 
catalyst was less than 200 µm in all cases, and particles smaller than 150 µm 
accounted for about 90 % of the total volume. Specific surface area of fresh, spent and 
bioleached catalysts are 121.55, 83.31 and 133.47 m2/g, respectively. The SEM image 
of the fresh FCC revealed the spherical shape of the catalysts, with considerable 
variations in particle size, while that of the spent FCC revealed a more homogeneous 
distribution of the discrete particles with no fines. The bioleached FCC again showed 
the absence of fines, as well as evidence of small broken particles, possibly due to the 
effect of bioleaching. Although spent FCC catalysts are currently classified as non-
hazardous waste by the Environmental Protection Agency (EPA) in the USA, the 
TCLP results showed that the concentration of vanadium and antimony in spent FCC 
exceeds the limit for the treatment standards for hazardous waste for spent 
hydrorefining catalysts. 
 
3.4.1.2 Bioleaching of Metals from Spent FCC Catalyst 
Sucrose was hydrolysed to glucose and fructose within two days and the 
monosaccharides were simultaneously utilized in all the bioleaching processes. 
Biomass increased during the incubation period and attained a final density of 20-25 
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g/l. There were no significant changes in sugar consumption and biomass formation in 
all the leaching processes.  
The pH decreased during bioleaching, with the production of citric, gluconic and 
oxalic acids. 27 – 85.5 mM citric acid, 13.6 – 52.6 mM gluconic acid and 11.13 – 
48.73 mM oxalic acid were produced in pure culture, one-step and two-step 
bioleaching. The presence of 1% and 2% w/v pulp density in the medium stimulated 
the production of citric acid. However, a higher pulp density led to a decrease in acid 
production, due to the inhibitory effect of heavy metals. A spent medium, with 57 
mM of citric acid, 47.7 mM of gluconic acid and 7.2 mM oxalic acid, showed a 
gradual increase in pH as a consequence of protonation. In fresh medium leaching, pH 
increased gradually during the first 10 days and thereafter the pH remained constant. 
In deionised water leaching, pH greatly increased after 3 days; beyond that pH 
remained relatively constant. 
The concentration of metal leached was found to increase in parallel with an increase 
in acids excreted during bioleaching, but remained relatively constant in the spent 
medium. This showed the important role of organic acids in the bioleaching 
processes. 
In the presence of spent FCC in the medium, A. niger grew well at up to 2% w/v pulp 
density in one-step bioleaching. This may be due to low heavy metal concentration in 
the spent FCC catalyst. However, when the metal leaching efficiency was compared, 
two-step bioleaching has a higher metal leaching efficiency than one-step bioleaching. 
It is postulated that the production of some organic acids and other metabolites by the 
fungus before the addition of the spent catalyst in two-step bioleaching could have 
formed complexes with the inhibitory metals, and thus reduced the toxic effect on the 
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fungus, increased the acid production and subsequently increased the leaching 
efficiency. 
The optimum pulp density for bioleaching was 1 % w/v. As the pulp density increased, 
the metal leaching efficiency decreased. Under the optimum pulp density, 30 % Al, 36 
% V, 64 % Sb, 23 % Fe and 9 % Ni were extracted from the spent catalyst in two-step 
bioleaching.  
Two-step bioleaching consistently resulted in the highest metal leaching efficiency for 
all metals investigated for all pulp densities, followed by one-step bioleaching (for 1% 
and 2% pulp density). This is followed by the spent medium leaching with generally a 
30-50 % lower leaching efficiency, and lastly the control tests with a < 20 % leaching 
efficiency. A fresh sucrose medium and deionised water can only leach out vanadium 
and antimony. A fresh sucrose medium leaching generally resulted in relatively higher 
metal extraction than deionised water leaching for all pulp densities investigated.  
 
3.4.1.3 Chemical Leaching using Organic and Inorganic Acids 
The leaching efficiency of the metals increased with increasing concentrations of the 
acids. However, no significant increase in metal leaching efficiency occurred in citric 
acid leaching, although the acid concentration was increased from 20 to 50 and finally 
to 100 mM. This is probably due to the similar pH of acids at different concentrations.  
Oxalic acid showed the highest leaching efficiency among all the metals tested except 
for Sb. The highest Sb leaching efficiency was obtained by leaching with citric acid, 
while gluconic acid showed the lowest leaching efficiency.  This is likely to be due to 
the high pH of gluconic acid; the average pH of gluconic acid (at 20, 50 and 100 mM) 
was 6, whereas that of the other acids was less than 3.5.  
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With sulphuric acid and nitric acid, Sb leaching occurred only at the lowest 
concentration of 20 mM. No Sb leaching was observed when the concentration of 
these acids was increased to 50 mM and 100 mM, although the pH of the leaching 
medium decreased. This is probably due to the precipitation of various metal ions. 
 
3.4.1.4 Comparison of Leaching Efficiency between Chemical Leaching and 
Bioleaching 
In comparing the metal leaching efficiency between the biogenically-produced 
organic acids and commercial organic acids at the same concentrations, the former 




Efforts should be expended to increase the metal leaching efficiency since the metal 
leaching efficiency obtained by bioleaching with A. niger was found to be quite low 
(Not more than 40 % for all metals except for Sb (64%) at 1% pulp density). 
Chemical leaching showed that oxalic acid has the highest leaching efficiency. Hence, 
efforts should be made to enhance oxalic acid production by the fungus. It has been 
reported that the production of oxalic acid is favored under alkaline pH conditions. 
Strasser et al. (1994) optimized oxalic acid production by A. niger, which was able to 
produce over 200 mM of oxalic acid when grown on sucrose and lactose at pH 6.0 in 
a fed batch stirred tank reactor.  
Sucrose was used as the carbon source for A. niger. A cheaper source of carbon 
should be investigated in order to replace the refined (and more expensive) sugar as 
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the substrate for heterotrophs. Organic wastes and molasses have been recommended 
as suitable carbon sources in order to reduce the operational cost for bioleaching by 
heterotrophs. 
Although a spent medium generally yielded a lower metal leaching efficiency than 
bioleaching processes, it has the advantages of easier handling, a shorter processing 
time, as well as allowing optimization by varying the experimental conditions, such as 
temperature and rotating speed.  Since the production of the organic acids and the 
leaching process may be decoupled and optimized separately, the issue of metal 
toxicity to the fungi at a higher pulp density would no longer arises. 
The recovery of solubilized heavy metals from the leachate after the bioleaching 
process should be investigated. Conventional chemical processes, such as ion 
exchange, carbon adsorption, precipitation and crystallization processes and 
electrochemical processes are well established. An integrated approach incorporating 
physical, chemical and biological processes may offer the best solution. 
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CHAPTER 4    
BIOLEACHING OF SPENT HYDROPROCESSING CATALYST 
BY ASPERGILLUS NIGER, PENICILLIUM SIMPLICISSIMUM, 





Many types of spent catalysts are generated during petroleum refining and the 
production of petrochemicals, commodity and fine chemicals. Among these 
industries, petroleum refining is one of the largest manufacturing and processing 
industries in the world. Refining involves hydroprocessing which is a general term 
that includes hydrotreating, hydrodesulfurization, hydrorefining and hydrocracking. 
Hydroprocessing invariably requires the use of catalysts to remove impurities and 
convert the oil into more usable products. The catalysts used consist mainly of oxides 
of nickel, cobalt and molybdenum on an alumina matrix.  
During hydroprocessing, the catalysts are loaded with sulphur, vanadium and coke 
from the feedstock while at the same time, nickel, cobalt and molybdenum are 
converted into their respective sulphides. The porosity of the catalysts decreases and 
their activity is reduced. This eventually requires a replacement of the catalyst in the 
reactors. At this stage, the catalysts become spent and must be replaced. The spent 
catalysts can be regenerated and returned to operation. However, there is a limit on 
the number of regeneration-utilization cycles. After several cycles, the recovery of the 
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catalyst activity is not sufficient to warrant regeneration and the spent catalyst will 
have to be discarded.  
Currently, spent hydroprocessing catalysts are classified as hazardous waste by the 
Environmental Protection Agency (EPA) in the USA. In 1993, the world-wide 
quantity of spent hydroprocessing catalysts was estimated at about 5 x 107 kg/year 
(Llanos and Deering, 1995). Hydrotreating catalysts usually have sufficient metal 
concentration to warrant recovery (Trimm, 1989). Therefore, the spent catalysts are 
subjected to metal extraction by various leaching processes. In this way, the leached 
and recovered metals may be recycled and re-used as raw materials in the metal-
manufacturing industries and the residues can then be disposed of safely or used in 
other construction materials. For instance, Sun et al. (2001) reported the use of 
leached residue of spent hydrotreating catalysts in a glass-ceramic matrix.   
The use of bioleaching for the treatment of solid waste may provide a more economic 
and environmentally friendly alternative to conventional technologies in the recovery 
of various metallic elements. The use of microorganisms in the bioleaching of various 
metals from ore deposits and mine tailings, as well as in the treatment of various solid 
waste has been reported. Bioleaching has also been carried out in spent catalyst (as 
stated earlier). Although bacterial leaching has been reported for spent catalysts, 
fungal leaching of spent catalyst has rarely been found in the literature.  
The purpose of this study was to determine some aspects of physical and chemical 
properties of spent hydroprocessing catalysts and to investigate the use of 
heterotrophic filamentous fungi Aspergillus niger and Penicillium simplicissimum as 
well as the chemolithoautotrophic bacteria Acidithiobacillus ferrooxidans and 
Acidithiobacillus thiooxidans in the leaching of heavy metals from the spent catalyst, 
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and to compare the leaching efficiency of these four microorganisms. Chemical 
leaching using commercial leaching agents was also performed and the results were 
compared with bioleaching. 
 
4.2 Materials and Methods 
4.2.1 Microorganisms  
Two heterotrophic fungi; Aspergillus niger, Penicillium simplicissimum and two 
chemolithoautotrophic bacteria; Acidithiobacillus ferrooxidans, Acidithiobacillus 
thiooxidans were used in this study. 
Aspergillus niger was kindly provided by Dr. Brandl (University of Zurich, 
Switzerland) and Penicillium simplicissimum (strain CBS 288.53) was purchased 
from Centralbureau voor Schimmelcultures, The Netherlands. Both fungi were 
cultured according to the methods described in Section 3.2.1.  
Strains of Acidithiobacillus ferrooxidans and Acidithiobacillus thiooxidans were 
obtained from Dr Natarajan (Department of Metallurgy, Indian Institute of Science, 
Bangalore, India). A. ferrooxidans was maintained routinely in the Silverman and 
Lundgren 9K nutrient medium with a ferrous sulphate as the energy source (Rossi, 
1990). A. thiooxidans was maintained in a medium containing 2.0 g/l (NH4)2SO4, 0.5 
g/l K2HPO4, and 0.25 g/l MgSO4.7H2O with powdered sulphur (10 g / liter) as the 
energy source. 
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4.2.2 Spent Hydroprocessing Catalyst (Ni/Mo/P/Al2O3) 
Spent hydroprocessing catalyst was kindly provided by Criterion Catalysts, 
Singapore. The catalyst is trilobe in shape, with 1 and 3 mm in average diameter and 
length. These catalysts are usually used in the upgrading of petroleum residues by 
hydroprocessing and hence, these catalysts are generally called hydroprocessing 
catalysts. A spent catalyst contains mainly Ni, Mo, P and Al2O3 and hence, they are 
also called as Ni-Mo catalysts. The spent catalysts as received were subjected to 
bioleaching and chemical leaching. Figure 4.1 shows a photograph of a fresh and a 




Figure 4.1.  Photographs of (a) a fresh Ni-Mo catalyst and (b) a spent Ni-Mo catalyst  
 
4.2.3 Characterization of Catalysts 
4.2.3.1  Elemental Composition, Specific Surface Area and Morphology 
The protocol for the determination of the elemental composition of spent 
hydroprocessing catalysts was the same as that of FCC catalyst except for the 
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digestion procedure (Section 3.2.3.4). Hydroprocessing catalysts were digested 
according to the US EPA SW 846 method 3050B (Appendix A.1) before analysis 
using ICP-OES. 
The protocol for the determination of the specific surface area and surface 
morphology was the same as that in the characterization of FCC catalysts (Sections 
3.2.3.2 and 3.2.3.3). For the determination of the cell attachment to the spent catalyst 
using SEM, the samples were fixed for 1 hour with a 2.5 % glutaraldehyde solution 
followed by a series of washings with mixtures of water/ethanol before coating with 
Pt.  
 
4.2.3.2  Toxicity Characteristic Leaching Procedure (TCLP) Tests 
Toxicity characteristic leaching procedure (TCLP) test was performed according to 
the U.S. EPA SW 846 method 1311 (Appendix A.2) to determine the toxicity 
characteristics of the spent catalyst. Following the initial test to determine the 
appropriate extraction fluid, TCLP extraction fluid # 1 was used for the leaching test. 
The toxicity characteristics of the spent catalyst after bioleaching were also 
determined in order to investigate any changes in the concentration of the leachate 
arising from the bioleaching. The fungi-bioleached spent catalyst was washed with 
deionised water, dried to constant dry weight and subjected to the TCLP test. The 
bacteria-bioleached spent catalyst was first washed with acidulated water (pH ~ 2) to 
remove the precipitates. Thereafter, it was washed with deionised water, dried to 
constant dry weight and subjected to the TCLP test. 
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4.2.4 Bioleaching with Fungi 
Seven- to ten-day old conidia were harvested from potato dextrose agar surface by 
suspension in sterile deionised water followed by a passage through a sterile glass 
wool to remove contaminating mycelia. The number of spores was determined by 
direct counting using a haemacytometer (From Superior Marienfield) under a 
microscope (Olympus CX40) with a phase contrast. The spore suspension was then 
diluted with deionised water and standardized to 1 x 107 spores/ml of spore 
suspension. An aliquot of 1 ml of spore suspension was then added to each 100 ml of 
growth medium. The growth medium contained (in g/l) sucrose (100), NaNO3 (1.5), 
KH2PO4 (0.5), MgSO4.7H2O (0.025), KCl (0.025) and yeast extract (1.6) (Bosshard et 
al., 1996). The pH of the medium was about 5.5 and no pH adjustment was made.  
Prior to the bioleaching processes, a pure culture of A. niger as well as P. 
simplicissimum was incubated until it reached the stationary phase in order to 
determine the optimum period for the addition of catalyst. Erlenmeyer flasks of 250 
ml were used for bioleaching as well as a pure culture with 100 ml of sucrose medium 
(and the spent catalyst at 1% w/v pulp density in the case of bioleaching). The flasks 
were inoculated with 1 ml of spore suspension and incubated at 30°C in an orbital 
shaker at 120 rpm. A control experiment using fresh sucrose medium was carried out 
under identical conditions and at the same pulp density.   
Samples of 5 ml were withdrawn at regular intervals and analysed for the following 
after filtration through Whatman Autovials® (0.45 µm): (i) pH, (ii) heavy metal 
concentration, (iii) sugar concentration and (iv) organic acid concentration. The 
biomass dry weight was also determined at regular time intervals. All experiments 
were conducted in duplicate. 
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4.2.5 Bioleaching with Bacteria 
After the bacterial cultures of A. ferrooxidans and A. thiooxidans had reached the 
exponential growth phase, the cultures were filtered through a Whatman 42 filter 
paper to remove jarosites (yellow-brown precipitates) and sulphur, respectively. For 
cultures of A. ferrooxidans, the filtrate was passed through a 0.2 µm cellulose nitrate 
membrane filter (Whatman®) in order to retain the cells. Cells were then washed with 
deionised water and resuspended in an iron-free 9K medium. The suspension (with a 
bacterial population of approximately 2 x 108 cells/ml) was used as inoculum at 10 % 
v/v. For cultures of A. thiooxidans, the filtrate containing 4.1 x 107 cells/ml was used 
at 10 % v/v inoculum. 
Bioleaching was performed in 250 ml Erlenmeyer flasks with 90 ml of medium with 
the spent catalyst at 1% w/v pulp density. The flasks were inoculated with 10 ml of 
culture aliquots and incubated at 30°C in an orbital shaker at 150 rpm. Additionally, 
in order to compare the effect of the nutrient medium on metal solubilization, a 
control test (i.e., sterile) was performed. In this case the same volume of inoculum 
was replaced by a solution of 2% thymol in methanol (Porro et al., 1997; Frizan et al., 
2003). 
Samples of 5 ml were withdrawn at regular intervals and analysed for the following 
after centrifugation at 10,000 rpm for 10 minutes: (i) pH, (ii) metal concentration, (iii) 
ferrous iron concentration, and (iv) sulphuric acid concentration. All experiments 
were conducted in duplicate. 
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4.2.6 Chemical Leaching of Metals from a Spent Catalyst 
Chemical leaching tests were carried out with oxalic, citric, gluconic and sulphuric 
acids (20, 50 and 100 mM) as well as sulphuric acid, ferric chloride and a mixture of 
commercial citric, oxalic and gluconic acids at concentrations equal to the acids 
produced during the bioleaching. The leaching tests were conducted using 100 ml of 
acid in a 250 ml Erlenmeyer flask with 1% (w/v) pulp density of spent catalyst at 30 
°C and 120 rpm. All experiments were conducted in duplicate.  Samples were 
collected, filtered, and analysed for metals using an ICP-OES.  
 
4.2.7 Analytical Methods 
4.2.7.1  Analysis of Sugars and Organic Acids 
The analysis of sugars and organic acids for fungi leaching were performed as in 
Section 3.2.6.1. 
 
4.2.7.2  Analysis of Metals 
Metal analysis was performed using inductively coupled plasma optical emission 
spectroscopy (ICP-OES, Perkin-Elmer, Optima 3000V) at the following wavelengths 
(nm): Al (308.2), Ni (231.6), Mo (202.0), Zn (213.9), Cu (324.8). An ICP multi-
element standard IV (Merck) at 1000 mg/l was used to prepare the calibration 
standards after dilution with 1 M nitric acid. An additional single element standard of 
Zn and Mo was also prepared. Samples from bioleaching and chemical leaching were 
filtered through 0.45 µm Whatman Autovials® before analysis.  
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The percentage of metal extraction in bioleaching and chemical leaching was 
calculated as in Equation 3.1.  
 
4.2.7.3  Analysis of Ferrous Iron and Sulphuric Acid Concentration 
The concentration of ferrous iron, Fe2+, in the solution was determined by the 
DR/2000 direct reading spectrophotometer (HACH) using ferrous iron reagent 
powder pillows (HACH). The ferric iron, Fe3+, concentration was determined by 
subtracting the ferrous iron concentration from the results of the total iron 
concentration obtained from the ICP-OES analysis. 
The sulphuric acid produced from the microbial oxidation of sulphur was analysed 
with a STAT Titrino auto titrimeter employing 0.1 M sodium hydroxide as the titrant. 
Before the analysis, the samples were centrifuged to remove the bacteria and other 
precipitates. 
 
4.2.7.4  Determination of Biomass and Bacterial Population  
To determine the fungal biomass, the culture broth was filtered through a Buchner 
funnel, the spent catalyst was manually separated, and the biomass was transferred to 
a pre-weighed evaporating dish and dried at 80 °C for 24 hours. Final biomass was 
obtained after cooling in the desiccator.  
Bacterial populations in the solution were determined using a haemacytometer under 
a Leica DML microscope attached to a monitor, with a magnification on the monitor 
of approximately 800.  
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4.2.7.5  pH Measurement 
The pH of the sample was measured using a pH meter (Orion, Model 420 A), which 
was calibrated using buffers at pH 4 and pH 7 (Merck).  
 
4.3 Results and Discussion 
4.3.1 Characterization of the Catalyst 
4.3.1.1  Specific Surface Area 
Table 4.1 shows the surface areas of fresh, spent and bioleached spent catalysts. The 
surface area of the spent catalyst is about 23% lower than that of the fresh catalyst, 
possibly due to the fouling of coke and other contaminant metals. The removal of the 
metal foulants from the spent catalyst by bioleaching resulted in a significant 
improvement in the surface area. Interestingly, bioleaching of spent catalyst with 
bacteria (i.e., A. thiooxidans and A. ferrooxidans) increased its specific surface area 
beyond the original fresh catalyst by about 17 and 33 %, respectively. This may be 
due to the destruction of the spent catalyst, caused by the physical contact between the 
bacteria and the spent catalysts, and the washing with acidified water in addition to 
the removal of coke and fouling metals.  
 
Table 4.1.  Specific surface areas of fresh, spent and bioleached spent catalysts 
 Specific surface area (m2/g) 
Fresh 125.6 ± 4.3 
Spent 96.5 ± 1.8 
Bioleached spent catalyst (A. niger)  111.6 
Bioleached spent catalyst (P. simplicissimum) 124.5 ± 17.7 
Bioleached spent catalyst (A. thiooxidans) 147.4 ± 0.4 
Bioleached spent catalyst (A. ferrooxidans) 166.8 ± 11.3 
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4.3.1.2  Morphology 
Figures 4.2 (a) and 4.2 (b) show the SEM micrographs of fresh and spent catalysts. 
The image of a fresh catalyst showed a more compact structure when compared with 
that of a spent catalyst. Some particle agglomeration and deposition on the surface of 
the spent catalyst can also be seen. 
 
 
Figure 4.2 (a).  An SEM image of a fresh Ni-Mo catalyst (x 5,000 magnification) 
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Figure 4.2 (b).  An SEM image of a spent Ni-Mo catalyst (x 4,300 magnification) 
 
4.3.1.3  Elemental Composition  
Table 4.2 shows the elemental composition of the spent catalyst. Elemental 
composition of the fresh catalyst and the typical composition of spent Ni-Mo 
hydroprocessing catalyst are also included in the table for comparison. It can be 
observed that the catalyst contains Al, Mo, Ni and P as the major constituents and 
other elements, such as Fe, Cu, Zn, Si, and Na were found at trace amounts. The spent 
catalyst has also accumulated a considerable amount of carbon. This may be due to 
coke deposition during the process. Small amounts of iron and sulphur are also 
present on the spent catalyst. The presence of sulphur in the spent catalyst may be due 
to presulphiding of the fresh catalyst prior to their use and deposition of sulphur from 
the crude oil during the process. It has been reported that spent catalysts additionally 
contain carbon from coke (up to about 20%) and sulphur (up to about 10%) from the 
active phase of the sulphided catalysts (Scherzer and Gruia, 1996).   
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Table 4.2.  Elemental composition of Ni-Mo catalysts 
Elemental composition (weight %) Element 
Fresh Spent Typical spent Ni-Mo 
hydroprocessing 
catalyst(d) 
Al (a) 28.07 ± 0.95 27.02 ± 1.07 33.1 
Mo (a) 8.18 ± 0.15 8.17 ± 0.18 12.3 
Ni (a) 4.63 ± 0.17 3.38 ± 0.13 2.6 
P (a) 1.70 ± 0.05 2.57 ± 0.11 3.2 
Fe (a) 0.002 ± 0.001 0.05 ± 0.01 0.12 
Zn (a) 0.09 ± 0.01 0.08 ± 0.004 ns 
Cu (a) 0.01 ± 0.0003 0.01 ± 0.002 ns 
Si (a) 0.01 ± 0.001 0.09 ± 0.001 0.3 
Na (a) 0.05 ± 0.003 0.07 ± 0.01 0.03 
O (b) 50.12 ± 4.18 33.07 ± 4.25    ns 
S (b) nd 9.54 ± 2.27                ns 
C (c) 0.415 ± 0.11 8.58 ± 0.21 ns 
(a) Analysed using an ICP-OES 
(b) Analysed using a SEM-EDX 
(c) Analysed using a CHN analyser 
(d) Data extracted from hydrocracking science and technology (Scherzer and Gruia, 
1996) 
nd:  not detected  
ns:  not stated 
 
4.3.1.4  Toxicity Characteristic Leaching Procedure (TCLP) Tests 
Table 4.3 compares the TCLP test results of spent catalysts with the TCLP regulatory 
level and the treatment standards for hazardous waste for spent hydrorefining 
catalysts set by the US EPA, as well as the recommended acceptance criteria for 
disposal set by the National Environment Agency (Singapore). The TCLP results 
showed that the nickel concentration in the leachate from spent catalysts exceeded the 
regulatory level set by the National Environment Agency (Singapore) and the 
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treatment standards for hazardous waste set by the US EPA. This may explain the 
reason for the US EPA listing spent hydrotreating and hydrorefining catalysts from 
refining operations as hazardous waste. The nickel concentration in the TCLP extract 
of spent catalyst was found to be greatly reduced after bioleaching; 33.15 ± 0.64 mg/l 
in A. niger bioleaching, 40.7 mg/l in P. simplicissimum leaching, 1.72 ± 0.09 mg/l in 
A. ferrooxidans leaching and 2.86 ± 0.02 mg/l in A. thiooxidans leaching. Of the four 
microorganisms, only Acidithiobacillus sp. reduced the TCLP of Ni to below the 
regulatory limit after bioleaching. Although the nickel concentration in the TCLP 
extract of a spent catalyst after bioleaching with the fungi was still above the 
regulatory limit, a twenty four fold reduction occurred.   
 
Table 4.3.  TCLP test results for the spent catalyst 
 Metal concentrations in the extraction fluid (mg/l) 








for Hazardous  
Waste 
(US EPA)c 
Al 34.6 ± 0.00 ns ns ns 
Mo 486.5 ± 2.12 ns ns ns 
Ni 962 ± 2.83 5 ns 11 
P 23.45 ± 0.07 ns ns ns 
Cu 0.49 ± 0.02 100 ns ns 
Mn 0.15 ± 0.001 100 ns ns 
Si 4.75 ± 0.09 ns ns ns 
Zn 12.3 ± 0.42 100 ns ns 
a:  Recommended acceptance criteria for suitability of industrial wastes for landfill 
disposal set by the National Environment Agency, Singapore. 
b: “Identification and Listing of Hazardous Waste” U.S. Code of Federal Regulations 
(CFR), Title 40, Chapter 1, Part 261. 
c: “Treatment standards for hazardous waste” for spent hydrorefining catalysts. U.S. 
Code of Federal Regulations (CFR), Title 40, Chapter 1, Part 261, Subpart D  
ns: not stated 
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4.3.2 Bioleaching with Fungi 
Prior to the bioleaching processes, a pure culture of A. niger as well as P. 
simplicissimum was incubated until it reached the stationary phase in order to 
determine the optimum period for the addition of the catalyst.  
 
4.3.2.1 Pure Culture of A. niger 
A pure culture of A. niger was incubated as described in Section 3.3.2.1. 
 
4.3.2.2  Pure Culture of P. simplicissimum 
Figure 4.3 (a) shows the changes in the concentration of sugars and biomass during 46 
days of incubation. Sucrose was completely hydrolyzed to glucose and fructose within 
two days of incubation as in the case of A. niger pure culture. The monosaccharides 
were utilized simultaneously for the production of the mycelium and organic acids 
(Brock, 1990). Along with the sugar consumption, the biomass increased rapidly to 19 
g/l after a one-day incubation period and continued to increase to 29.7 g/l after 7 days 
of incubation. The stationary phase occurred after 18 days. The highest biomass 
achieved during this incubation period was about 29.7 g/l on day 7, which was about 
the same as A. niger (28 g/l on day 7) cultured under identical incubation conditions. 
It was found that fructose consumption by P. simplicissimum was slower than A. 
niger. Approximately 84% of fructose was consumed within 40 days by P. 
simplicissimum, whereas 99% of fructose was consumed by A. niger during the same 
period. However, glucose consumption was about the same for both fungi.  
 




































Sucrose Glucose Fructose Biomass
 
Figure 4.3 (a). Concentrations of sugars and biomass in a pure culture of P. 
simplicissimum 
 
Along with the sugar consumption, the primary metabolites citric acid, oxalic acid and 
gluconic acid were produced. It was found that gluconic acid was the most abundant 
organic acid excreted by the fungus, reaching a maximum yield of about 80 mM after 
36 days (Figure 4.3 b). The concentration of citric and oxalic acid produced during the 
same period were only 64.75 mM and 9.23 mM, respectively. The production of citric 
and gluconic acids were higher than those produced by A. niger. The production of 
high concentrations of gluconic acid is rather different from other reports. These 
reports showed that low pH (<3) favours the production of citric acid, but not 
gluconic and oxalic acid (Rohr et al., 1983a, b; Burgstaller and Schinner, 1993a; 
Bosshard et al., 1996).  Similar to A. niger, pH of the culture decreased from an initial 
pH of 5.5 to 2.75 at the end of the incubation.  
For both A. niger and P. simplicissimum leaching, day 2 of the incubation was 
selected as the time to add the spent catalyst for bioleaching under a two-step process 
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as the fungi were in the exponential phase at that time with high sugar hydrolysis, 






























Citric Oxalic Gluconic pH
 
Figure 4.3 (b). Concentrations of organic acids and pH in a pure culture of  
P. simplicissimum 
 
4.3.2.3  Bioleaching of the Spent Catalyst with A. niger 
Figure 4.4 (a) shows the changes in the sugar and biomass concentrations during the 
two-step bioleaching with A. niger at 1% pulp density.  The sucrose was fully 
hydrolysed by A. niger before the addition of the catalyst to the culture medium. It 
was found that the weight of the fungal biomass decreased during the bioleaching in 
the presence of the spent catalyst. In the case of a pure culture (without the spent 
catalyst), the weight of the dry biomass increased to 28 g/l after 7 days and decreased 
to 23.6 g/l after 14 days. Beyond 14 days, the weight of the biomass remained 
stationary (≈ 23g/l) up to about 45 days (Figure 3.3 (a)). The gradual decrease in the 
weight of dry biomass in bioleaching in the presence of the spent catalyst may be due 
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to the toxic effects of spent catalyst. The utilization rate of glucose and fructose was 
slower compared to a pure culture of A. niger.  57.5 % of glucose and 61% of fructose 
were utilized at the end of incubation, whereas almost all sugars were consumed in 
the pure culture (Compare Figure 3.3 (a) and 4.4 (a)). This retardation of sugar 





































Sucrose Glucose Fructose Biomass (g/l)
 
Figure 4.4 (a). Concentrations of sugars and biomass in two-step bioleaching with 
A. niger at a 1% w/v pulp density 
 
Figure 4.4 (b) shows the pH profile and acid production during bioleaching. The pH 
increased from an initial 2.92 to 2.98 after the addition of catalyst due to its slightly 
alkaline nature. Subsequently, pH decreased steadily to 2.64 after 30 days and 
gradually increased again. The decrease in pH during fungal growth was due to the 
production of organic acids (i.e., citric, oxalic and gluconic) (Bosshard et al., 1996; 
Castro et al., 2000; Brandl et al., 2001). The concentration of organic acids increased 
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with time, and higher acid production occurred after 20 days up to 40 days. A lower 
pH was recorded during that period.  
It was observed that the metal leaching efficiency increased gradually throughout the 
bioleaching process (Figure 4.4 (c)). There were some fluctuations in molybdenum 





























Citric Oxalic Gluconic pH
 
Figure 4.4 (b). Concentrations of organic acids and pH in two-step bioleaching with  
A. niger at a 1% w/v pulp density 
 





















Al Mo Ni Zn Cu
 
Figure 4.4 (c).  Metal leaching efficiency of two-step bioleaching with A. niger at a 
1% w/v pulp density 
 
4.3.2.4  Bioleaching of Spent Catalyst with P. simplicissimum 
The sugar consumption and biomass formation of P. simplicissimum in bioleaching 
process at a 1% pulp density is illustrated in Figure 4.5 (a). Similar to A. niger, the 
sucrose has been fully hydrolysed before the addition of the catalyst to the culture 
medium. It was also found that the weight of the fungal biomass decreased during the 
bioleaching in the presence of the spent catalyst. In the case of a pure culture (without 
the spent catalyst), the weight of the dry biomass increased to 29.7 g/l after 7 days and 
decreased to 24.4 g/l after 18 days. Beyond 18 days, the weight of the biomass 
remained stationary between 24 and 26 g/l up to about 46 days (Figure 4.3 a). The 
weight of biomass was significantly less than that in a pure culture similar to the case 
of A. niger and some fluctuations also occurred. It was also noted that sugar 
consumption in bioleaching was slower than that in a pure culture. Approximately 73 
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% of fructose and 92.87 % of glucose were consumed after 46 days in bioleaching, 
whereas 100 % of fructose and glucose were utilized in a pure culture.  
Figure 4.5 (b) shows the pH profile and acid production during bioleaching. The pH 
gradually decreased from an initial 3.04 to 2.68 after 18 days of incubation, and 
remained relatively constant until the end of incubation. The concentration of organic 
acids increased with time and the maximum gluconic acid production of 83.6 mM 
occurred after 28 days and highest citric acid concentration (46.8 mM) was reached at 
the end of incubation. No oxalic acid production occurred during the incubation.  
It was observed that the metal leaching efficiency increased gradually throughout the 
bioleaching process (Figure 4.5 (c)). Even though nickel toxicity to fungi is well-
established (Hughes and Poole, 1989), fungi grew very well at considerable high 
concentrations of nickel (~339 ppm) and >99% nickel recovery was achieved. The 



































Sucrose Glucose Fructose Biomass (g/l)
 
Figure 4.5 (a). Concentrations of sugars and biomass in two-step bioleaching with  
P. simplicissimum at a 1% pulp density 































Citric Oxalic Gluconic pH
 
Figure 4.5 (b). Concentrations of organic acids and pH in two-step bioleaching with  





















Al Mo Ni Zn Cu
 
Figure 4.5 (c).  Metal leaching efficiency of two-step bioleaching with P. 
simplicissimum at a 1% w/v pulp density 
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Control (i.e., a fresh sucrose medium) leaching test was also carried out. Figure 4.6 
compares the pH profiles of the control and both fungi leaching. It can be clearly seen 
that the pH profiles for fungi bioleaching were significantly lower than that of control. 
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Figure 4.6.  pH profiles of fresh sucrose medium, bioleaching with A. niger and 
bioleaching with P. simplicissimum at a 1% w/v pulp density 
 
The metal leaching efficiency of the fresh medium was also shown in Figure 4.7. A 
maximum extraction efficiency of about 47% was achieved for Ni after 9 days. The 
maximum extraction efficiencies of Al 0.14 %, Mo 4.5 %, Zn 13% and Cu 16% were 
also obtained. 
 





















Al Mo Ni Zn Cu
 
Figure 4.7.  Metal leaching efficiency of the control (a fresh sucrose medium) for 
fungi leaching at a 1% w/v pulp density 
 
4.3.3 Bioleaching of Spent Catalyst with Bacteria 
4.3.3.1  Bioleaching with A. thiooxidans 
A. thiooxidans grows on solid elemental sulphur as an energy source and oxidizes it to 
sulphuric acid. Figure 4.8 (a) shows the concentration of sulphuric acid produced 
during bioleaching with A. thiooxidans and in the uninoculated control. As A. 
thiooxidans cells grew on elemental sulphur, sulphuric acid was accumulated in the 
liquid medium, and approximately 80 mM of sulphuric acid was produced, this served 
as the main leaching agent for metal solubilization. The low amount of sulphuric acid 
observed in the control test (i.e., 30 mM) may be attributed to an oxidation process in 
the presence of air. The pH profile of control test was higher than that of bioleaching 
due to lower sulphuric acid production (Figure 4.8 (b)). Similar trends in sulphuric 
acid production and pH profiles of bioleaching and control were also reported by 
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Schippers and Sand (1999), who demonstrated in the bioleaching of ZnS with T. 
thiooxidans that a pure culture was able to dissolve ZnS and produce zinc (II) ions 


























Figure 4.8 (a). Concentration of sulphuric acid produced during A. thiooxidans 














Figure 4.8 (b).  pH profiles of A. thiooxidans bioleaching at a 1% w/v pulp density 
and control leaching  
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All the metals tested except Ni from the spent catalyst by A. thiooxidans occurred 
concurrently with acid production (Figures 4.8 (a) and 4.8 (c)). The extraction 
efficiency of Ni was almost 100 % after 15 days of incubation and gradually 
decreased beyond this time. This may be attributed to the precipitation of Ni ions.  
Figure 4.8 (d) shows the metal leaching efficiency of the control test. The extraction 
efficiencies of all the metals tested were 10-35 % lower than that of bioleaching with 
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Figure 4.8 (c).  Metal leaching efficiency of A. thiooxidans bioleaching at a 1% w/v 
pulp density 
 




















Al Mo Ni Zn Cu
 
Figure 4.8 (d). Metal leaching efficiency of control test for A. thiooxidans bioleaching 
at a 1% w/v pulp density 
 
A. thiooxidans is known to adhere to the surface of sulfur and other solid substances 
including coal, coal fly ash particles (CFA), zeolit and glass (Seidel et al., 2001). 
Figure 4.8 (e) shows the SEM image of the spent catalyst surface with attached cells 
of A. thiooxidans after bioleaching. 
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Figure 4.8 (e).  A Scanning Electron Micrograph of the spent catalyst surface with 
attached cells of A. thiooxidans after bioleaching (Some of the cells are indicated by 
arrows.) 
 
4.3.3.2  Bioleaching with A. ferrooxidans 
Figure 4.9 (a) shows the changes in ferrous iron concentration during control 
(uninoculated), pure culture (without spent catalyst) and bioleaching experiments. The 
microbial activity is confirmed by comparing ferrous iron concentration; during 
bioleaching, virtually all the ferrous iron was oxidized to ferric iron after two days, 
whereas a low amount of oxidized iron (34.4 %) was observed in non-inoculated 
control run after 9 days. The higher oxidation rate in bioleaching was attributed to A. 
ferrooxidans, which oxidizes ferrous iron to ferric iron. Similar observations were 
reported in Battaglia et al. (1994), where all the ferrous iron was oxidized by A. 
ferrooxidans over 48 hours. The increase in ferrous iron concentration after two days 
bioleaching is the result of cyclic mechanism in which Fe3+ attacks the substrate, 
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forming Fe2+ which is rapidly reoxidized to Fe3+ by the bacterium. The decrease in the 
concentration of ferrous iron in the control test after nine days may be ascribed to the 
oxidation of ferrous ions in the presence of air. Solisio et al. (2002) reported a similar 
result; 39% of Fe2+ originally present was oxidized after nine days leaching in 
uninoculated test in bioleaching of zinc and aluminium from industrial waste sludges 
by T. ferrooxidans. The efficiency of metal extraction during bioleaching was 27 % 
Al, 54 % Mo, 98% Ni, 25% Zn and 32 % Cu (Figure 4.9 (b)). 
Hence, from Figure 4.9 (a), we can confirm the cyclic mechanism of bacterial 
bioleaching via redox reaction. In the bioleaching process, ferrous iron, externally 
added as an energy source, was oxidized to ferric iron by the bacteria. This is 
confirmed by a sharp decrease in ferrous iron concentration from 8000 mg/l to 69 
mg/l after two days. This ferric iron which is an oxidizing agent, in turn, oxidized the 
reduced metals resulting in it being reduced to ferrous iron. Thus, we can see an 
increase in ferrous iron concentration after two days.  
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Figure 4.9 (a).  Concentration of ferrous iron in the solution of a pure culture (without 
spent catalyst) and A. thiooxidans bioleaching and control (without bacteria) leaching 
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Figure 4.9 (b).  Metal leaching efficiency of A. ferrooxidans bioleaching 
 at a 1% w/v pulp density 
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In the control test (i.e., without microorganisms), the pH remains relatively constant at 
pH 2.5 (Figure 4.9 (c)), and a low metal solubilization is observed during the process. 
The percentage of removed metal is significantly lower with respect to the inoculated 
test ( Al 11 %, Mo 8 %, Ni 51%, Zn 28% and 0% Cu) (Compare Figure 4.9 (d) with 
4.9 (b)). The metal extraction was lower largely due to the absence of inoculum.  
Figure 4.9 (e) shows the SEM image of the spent catalyst surface with attached cells 














Figure 4.9 (c).  pH profiles of A. ferrooxidans bioleaching and control leaching at a 
1% w/v pulp density  
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Figure  4.9 (d). Metal leaching efficiency of control (9K medium) leaching at a 1% 
w/v pulp density 
 
 
Figure 4.9 (e).  Scanning Electron Micrograph of the spent catalyst surface with 
attached cells of A. ferrooxidans after bioleaching (Some of the cells are indicated by 
arrows.)  
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4.3.4 Comparison of Metal Leaching Efficiency among the Four 
Microorganisms 
When the metal leaching efficiencies of the four microorganisms were compared, A. 
thiooxidans achieved the highest metal leaching efficiencies for all the metals 
investigated (Figure 4.10). Between the two fungi, the metal leaching efficiencies 
were about the same for all metals, except for Ni and Cu. More Ni was leached by A. 
niger, whereas P. simplicissimum leached more Cu. It is interesting to note that both 
fungi leaching have more or less the same bioleaching efficiency despite different 
acid profiles produced. Between the two bacteria, A. thiooxidans leached more metals. 
This may result from the deposition of jarosite precipitates (potassium iron sulphate 
hydroxide) on the spent catalyst, which prevents a further physical contact between 
the bacteria and the spent catalyst, which leads to the destruction of the spent catalyst. 
Jarosites were observed and confirmed by x-ray diffraction patterns of the solid 
residues (data not shown). Giaveno and Donati (2001) also stated that the fast 
oxidation and the consequent jarosite deposit would stop sulphide solubilization in 
bioleaching of heazelwoodite by T. ferrooxidans. More importantly, the bacterium 
leaching was found to be much faster than fungi leaching. Bacteria leaching took 
about 15-20 days to reach the maximum metal leaching efficiency, while it took about 
45-50 days for fungi leaching.  
 




















A. niger P. simplicissimum A. ferrooxidans A. thiooxidans
 
Figure 4.10.  Comparison of metal leaching efficiencies among the four 
microorganisms at a 1% pulp density 
 
4.3.5 Chemical Leaching using Commercial Organic and Inorganic Acids 
Table 4.4 compares the metal leaching efficiency of various acids at 20, 50 and 100 
mM for a 1% pulp density of spent catalyst. Three trends of metal extraction were 
observed: a higher metal extraction when the concentration of acids was increased 
(e.g., Al); fairly constant metal extraction regardless of the acid concentration: (e.g., 
Zn, Cu), and a decrease in metal extraction with increasing acid concentrations (e.g., 
Ni). It was found that the extraction of Al increased when the concentration of all the 
acids was increased. In contrast, the nickel leaching efficiency decreased when the 
concentration of acids increased. Al-Mansi and Monem (2002) also reported the 
percentage recovery of nickel from the spent NiO/Al2O3 catalyst increased with 
increasing sulfuric acid concentrations up to a certain range (50% in their case) and 
then decreased with a further increase in acid concentration. Angelidis et al. (1995) 
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reported that  the percentage recovery of nickel and aluminium from the spent Ni-Mo 
catalyst increased with increasing sulfuric acid concentration (5 to 80 g/l) while that 
of molybdenum decreased. The difference in leaching efficiency may result from 
different leaching times, temperatures, solid/liquid ratios and acid concentrations.  
From the results obtained, it can be concluded that the leaching efficiency of citric 
acid was the highest among all the organic acids. Strasser et al. (1993) have also 
reported that citric acid is the most effective complexing agent in nickel extraction 
from electro-filter dust (pulp density 5 % (w/v), 2 days incubation time, 30 °C). 
Tzeferis and Agatzini-Leonardou (1994) also found that citric acid is the most 
efficient organic acid for nickel recovery.   
 
Table 4.4.  Chemical leaching of spent catalyst with different acids  
at a 1% w/v pulp density 






acids Al Mo Ni Zn Cu 
Citric acid 20 3.06 12.57 43.77 91.87 17.82 22.29
 50 2.71 13.97 45.30 89.95 17.88 22.21
 100 2.52 15.35 48.53 88.33 16.50 24.96
Oxalic acid 20 3.46 6.45 14.96 90.84 15.49 11.93
 50 2.13 17.27 19.35 79.78 12.20 13.25
 100 1.75 28.25 11.92 27.49 6.14 11.57
Gluconic acid 20 6.09 5.78 33.76 88.04 15.87 17.39
 50 6.30 8.06 36.14 83.76 16.56 18.29
 100 6.24 9.69 37.24 78.75 15.62 17.75
Sulphuric acid 20 2.90 16.05 27.78 93.49 16.63 16.25
 50 1.86 25.00 19.11 93.35 17.07 15.64
 100 1.37 30.76 12.61 91.43 17.07 16.82
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4.3.6 Comparison of Leaching Efficiency Between Chemical Leaching and 
Bioleaching 
Leaching efficiency of the biogenically produced citric, gluconic and oxalic acids 
(produced by A. niger and P. simplicissimum) as well as sulphuric acid and ferric iron 
(produced by A. thiooxidans and A. ferrooxidans) in bioleaching processes was 
compared with commercial citric, gluconic, oxalic, sulphuric acids and ferric chloride 
of equal molarity in order to assess the relative importance of these leaching agents in 
the leaching or mobilization of metals from spent catalysts. 
Table 4.5 shows the acid concentration in the different biological/chemical leaching 
processes and a comparison of the pH at the end of the process. A comparison of the 
leaching efficiency between biological leaching and equimolar chemical leaching are 
presented in Figures 4.11 (a) – (d). It can be observed that microbially mediated 
leaching generally yielded a higher leaching efficiency for the major metals (i.e., Al, 
Mo and Ni) than chemical leaching. However, Zn and Cu extraction were found to be 
lower in biological leaching than chemical leaching. 
 
Table 4.5.  Acid and reagent concentration in different biological processes and pH of 
liquors at the end of the leaching process 








A. niger     C: 70.0 + G: 53.5 + O: 10.5 2.74 2.62 
P. simplicissimum     C: 46.8 + G: 83.6 + O: 0 2.64 2.57 
A. thiooxidans     Sulphuric acid: 80  2.70 2.05 
A. ferrooxidans     Ferric chloride: 30  2.13 2.14 
C: citrate; G: gluconate; O: oxalate 
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In comparison of chemical leaching and bioleaching with fungi (Figures 11 (a) and 11 
(b)), metal extraction in bioleaching was ~ 4%, 17% and 10% higher than chemical 
leaching for Al, Mo and Ni, respectively. These results corroborate the research of 
Illmer et al. (1995), who reported that metal leaching efficiency of chemical leaching 
using a mixture of 30 mM citrate, 30 mM of gluconate and 1 mM of oxalic was 
distinctly below the efficiency of biotic leaching, although the acids were employed at 
higher concentrations than observed in a culture of A. niger.  Castro et al. (2000) 
showed that chemical leaching using citric acid was less effective in the extraction of 




















Chemical leaching A. niger
 
Figure 4.11 (a).   Comparison of metal leaching efficiency between bioleaching of  
A. niger and chemical leaching using equal molarity of acids, with a 1% w/v pulp 
density 
 




















Chemical leaching P. simplicissimum
 
Figure 4.11 (b).   Comparison of metal leaching efficiency between bioleaching of 
P. simplicissimum and chemical leaching using equal molarity of acids, with a 1% 
w/v pulp density 
 
Figure 4.11 (c) shows that A. thiooxidans bioleached Mo, Ni and Cu at a higher 
efficiency than chemical leaching using sulphuric acid. Seidel et al (1998) also 
showed that bioleaching using elemental sulphur as the substrate was more effective 
than sulphuric acid treatment for metal solubilization of Zn, Cd, Ni, Co and Mn from 
contaminated aquatic sediments. In our experiment, Al extraction by commercial 
sulphuric acid leaching was about 10% higher than A. thiooxidans leaching. This may 
be attributed to lower pH in chemical leaching (Table 4.5), since Al extraction was 
highly dependent on the concentration of acids and consequently pH of the acids used 
(Table 4.4). In the report of Seidel et al. (2001), a similar Al leaching efficiency was 
obtained by bioleaching (with T. thiooxidans) and chemical (sulphuric acid) leaching 
of coal fly ash (CFA) under the same experimental conditions, including pH.  
 The metal leaching efficiency of Al, Mo and Ni by bioleaching with A. ferrooxidans 
was 3 - 44 % higher than chemical leaching with ferric chloride, and that of Cu and 
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Zn were 47% and 13% lower than chemical leaching (Figure 4.11 (d)). Strasser et al 
(1995) also reported that ferric chloride (100 mM) was able to solubilize more than 90 
% of Zn and Cu, whereas T. ferrooxidans can only leach out 45 % Cu and 81% Zn 
from sewage sludge.  
From the above discussion, it can be concluded that microbially mediated leaching 
generally gave a higher leaching efficiency for the major metals (i.e., Al, Mo and Ni) 
than chemical leaching. This enhancement in bioleaching efficiency of metals over 
chemical leaching may be due to the action of secondary metabolic products (e.g., 
alkaloids such as morphine, steroids like cholesterol, and antibiotics like the 
penicillins), which aided the leaching process, as proposed by Schinner and 




















Sulphuric acid A. thiooxidans
 
Figure 4.11 (c).   A comparison of metal leaching efficiency between bioleaching of  
A. thiooxidans and chemical leaching using equal molarity of sulphuric acid at a 1% 
w/v pulp density 
 




















Ferric chloride A. ferrooxidans
 
Figure 4.11 (d).   A comparison of metal leaching efficiency between bioleaching of 
A. ferrooxidans and chemical leaching using equal molarity of ferric chloride at a 1% 
w/v pulp density 
 
4.4 Conclusions and Recommendations 
4.4.1 Conclusions 
This section of the research investigated the potential of using bioleaching for the 
removal of metals from spent Ni-Mo catalysts. Some physical and chemical properties 
of the spent Ni-Mo catalyst as well as the spent catalyst after bioleaching were 
determined. Bioleaching of spent Ni-Mo catalyst was studied using two fungi 
Aspergillus niger, Penicillium simplicissimum and two bacteria Acidithiobacillus 
ferrooxidans and Acidithiobacillus thiooxidans. Metal leaching efficiency of each 
microorganism was evaluated and compared. The main conclusions obtained from 
this research are summarized below. 
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4.4.1.1  Physical and Chemical Characterization of Ni-Mo Catalysts  
The spent Ni-Mo catalyst contains Al, Mo, Ni and P as the major constituents and 
other elements such as, Fe, Cu, Zn, Si, and Na, are found at trace amounts. The spent 
catalyst accumulated a considerable amount of carbon and sulphur due to coke 
deposition and presulphiding and deposition of sulphur from the crude oil during the 
process. The surface area of the spent catalyst is about 23% lower than that of the 
fresh catalyst due to the fouling of coke and other contaminant metals. The removal of 
the metal foulants from the spent catalyst by bioleaching results in a significant 
increase in the surface area. The fresh catalyst has a more compact structure than that 
of the spent catalyst; some particle agglomeration and deposition can be observed on 
the surface of the spent catalyst.  
The TCLP results show that the nickel concentration in the spent catalyst is much 
higher than the limit for treatment standards for hazardous waste as well as regulatory 
levels set for landfill disposal by the National Environment Agency, Singapore. 
Hence, the spent Ni-Mo catalyst exhibits the toxicity characteristic. That was why the 
US EPA listed spent hydrotreating and hydrorefining catalysts from refining 
operations as hazardous waste. The nickel concentrations in the TCLP extract of spent 
catalysts after bioleaching were greatly reduced.  
 
4.4.1.2  Bioleaching of Spent Ni-Mo Catalyst by Fungi 
Sucrose was hydrolysed to glucose and fructose within two days and the 
monosaccharides were simultaneously utilized in a pure culture (without spent 
catalyst). Fructose consumption by P. simplicissimum was slower than A. niger. 
However, glucose consumption was about the same for both fungi. In the pure culture 
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of both fungi, biomass increased during the incubation period and attained a final 
density of 20-25 g/l. 
Citric acid was the most abundant organic acid excreted by the fungus A. niger, 
whereas gluconic acid was the most abundant organic acid excreted by P. 
simplicissimum.   
In the bioleaching processes of both fungi, sucrose has been fully hydrolysed by the 
fungi before the addition of the spent catalyst to the culture medium and the weight of 
the fungal biomass decreased during the bioleaching in the presence of spent catalyst. 
The weight of biomass was significantly less than that in a pure culture as well. The 
utilization rate of glucose and fructose was found to be slower in both fungi 
bioleaching processes compared to pure cultures.  
Similar to pure cultures of both fungi, citric acid and gluconic acids were the most 
abundant organic acids excreted by A. niger and P. simplicissimum respectively 
during the bioleaching.  The organic acids were produced abundantly after 20 days of 
incubation up to 40 days during bioleaching. The pH of both fungi leaching was also 
found to be minimum during that period.  
The concentrations of metals leached increased gradually until the end of incubation. 
It was found that both fungi leaching have more or less the same bioleaching 
efficiency despite different acid profiles produced. The metal leaching efficiency of 
the control (i.e., fresh sucrose medium) leaching was significantly less than that in 
bioleaching.  
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4.4.1.3  Bioleaching of Spent Ni-Mo Catalyst by Bacteria 
A. thiooxidans grows on solid elemental sulphur as an energy source and oxidizes it to 
sulphuric acid. Sulphuric acid was produced about 80 mM and 30 mM during 
bioleaching and in the control (i.e., uninoculated) solution, respectively. The pH 
profile of control was higher than that of bioleaching due to its lower sulphuric acid 
production, and both profiles remain constant during the leaching process. All the 
metal, except Ni, leaching from spent catalyst by A. thiooxidans occurred 
concurrently with acid production. The extraction efficiency of all the metals tested in 
control leaching was 10-35 % lower than that of bioleaching with A. thiooxidans.  
During the bioleaching with A. ferrooxidans as well as in the pure culture, almost all 
ferrous iron (99%) was oxidized to ferric iron after two days. However about 34.4 % 
of ferrous iron was oxidized in the non-inoculated control. In control test, the pH 
remains substantially constant at pH 2.5 (pH ~ 2.1 in bioleaching) and a low metal 
solubilization is observed during the control process. The percentage of removed 
metal is significantly lower with respect to the inoculated test (Al 11 %, Mo 8 %, Ni 
51%, Zn 28% and 0% Cu in control and Al 27 %, Mo 54 %, Ni 98%, Zn 25% and Cu 
32 % in bioleaching). 
 
4.4.1.4  Comparison of Metal Leaching Efficiency among the Four 
Microorganisms 
The highest metal leaching efficiency was obtained in bioleaching with A. 
thiooxidans, followed by fungi leaching and A. ferrooxidans. The poor metal leaching 
efficiency of A. ferrooxidans may result from precipitation of jarosites, which can 
block a further attack on the spent catalyst. 
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4.4.1.5  Chemical Leaching of Metals from a Spent Ni-Mo Catalyst 
It was found that the extraction of Al increased whereas that of Ni decreased when the 
concentration of all the acids tested was increased. In general, citric acid has the 
highest leaching efficiency among the organic acids used and has higher Mo, Zn and 
Cu leaching efficiencies than inorganic sulphuric acid. 
 
4.4.1.6 Comparison of Leaching Efficiency Between Chemical Leaching and  
Bioleaching 
Microbially mediated leaching generally resulted in a higher leaching efficiency for 
the major elements (i.e., Al, Mo and Ni) than chemical leaching with commercially 
available leaching agents at the same concentration. 
 
4.4.2 Recommendations 
Bioleaching experiments at higher pulp densities should be investigated in order to 
determine the influence of pulp density on the metal extraction efficiency.  
The experiments using the spent medium should be conducted, since a spent medium 
has the advantages of easier handling and a shorter processing time. Additionally, it is 
more amenable to optimization when compared to bioleaching, since it is a chemical 
process that is decoupled from the growth of the biomass.  
In fungi leaching, as described previously, bioleaching using an inexpensive carbon 
source (e.g., sugar molasses, by-products from the food industry) should be 
investigated in order to replace the refined (and more expensive) sugar as the 
substrate for heterotrophs.  
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Efforts should be made to induce the production of higher concentrations of organic 
acids by the fungus. In this way, the metal leaching efficiency can be improved.  
 The relatively low removal efficiency for Al indicates that the bioleaching system 
should be further improved through optimizing the bioleaching parameters, such as 
the size of the substrate, shaking speed, temperature, pH and also the development of 
more effective bioleaching microorganisms. In addition, proper acclimatization of 
microorganisms is required if a higher pulp density is present in the system. 
Efforts should be made to reduce or eliminate undesirable Fe precipitates in A. 
ferrooxidans leaching, since these precipitates can block a further attack on the spent 
catalyst. Vigorous pH control and the use of an alternative growth medium should be 
considered, since jarosite precipitation is dependent on the pH and on the ionic 
composition and concentration of the medium (Grishin et al., 1988).  
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CHAPTER 5    





This research investigated the potential of using bioleaching for the removal of heavy 
metals from spent catalysts. The fungus Aspergillus niger was used for the leaching of 
metals from spent FCC catalysts and four microorganisms (two bacteria 
Acidithiobacillus ferrooxidans, A. thiooxidans and two fungi Aspergillus niger, 
Penicillium simplicissimum) were used for leaching of metals from spent 
hydroprocessing catalysts.  
In summary, it can be said that microbial leaching of spent catalysts offers an 
alternative to conventional metal recovery methods. In the case of FCC, the maximum 
bioleaching efficiency of 9% Ni, 23% Fe, 30% Al, 36% V and 64% Sb were achieved 
using A. niger at 1% w/v pulp density, and in the case of spent hydroprocessing 
catalysts, the maximum bioleaching efficiency of 29.3% Al, 64.5% Mo and 99.8% Ni 
were achieved using A. thiooxidans at 1% w/v pulp density. 
When the metal leaching efficiency was compared, two-step bioleaching (where the 
fungus was first cultured in a sucrose medium without a catalyst for two days, after 
which a sterilised catalyst was added) showed a higher metal leaching efficiency than 
one-step bioleaching (where the fungus was incubated together with a medium and a 
catalyst). It is postulated that the production of some organic acids and other 
metabolites by the fungus before the addition of the spent catalyst in two-step 
bioleaching could have formed complexes with the inhibitory metals, and thus 
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reduced the toxic effect on the fungus, increased the acid production and subsequently 
increased the leaching efficiency.  
For both types of the spent catalyst used, the optimum pulp density for bioleaching 
was 1% w/v. As the pulp density increased, metal leaching efficiency decreased.  
It was found that the presence of high acid concentrations in the leaching medium 
resulted in a high metal leaching efficiency. Hence, efforts should be made to enhance 
the acid production by the fungus.   
In comparing the metal leaching efficiency between the biogenically-produced 
organic acids and commercial organic acids at the same concentrations, the former 
was generally able to achieve a higher leaching efficiency.  
Although a spent medium generally gave a lower metal leaching efficiency than 
bioleaching processes, it has the advantages of easier handling, a shorter processing 
time, as well as offers the possibility of allowing optimization by varying the 
experimental conditions, such as temperature and rotating speed.  Since the 
production of the organic acids and the leaching process may be decoupled and 
optimized separately, the issue of metal toxicity to the fungi at higher pulp density 
would no longer arise. 
Sucrose was used as the carbon source for fungi. A cheaper source of carbon should 
be investigated in order to replace the refined (and more expensive) sugar as the 
substrate for heterotrophs. Organic wastes and molasses have been recommended as a 
suitable carbon source in order to reduce the operational cost of bioleaching by 
heterotrophs. 
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The bioleaching system can be further improved through optimizing the bioleaching 
parameters, such as the size of substrate, the shaking speed, temperature, pH and also 
the development of more effective bioleaching microorganisms. In addition, 
acclimatization of the microorganisms to a higher pulp density is required so that the 
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APPENDIX A:  EXPERIMENTAL METHODS 
A.1  Acid Digestion (US EPA SW 846 Method 3050 B) 
Procedure:  
• Transfer 1 g (dry weight) of sample to a digestion vessel. 
• Add 10 ml of 1:1 HNO3 to the sample. Mix the slurry and cover with a watch 
glass. 
• Heat the sample to 95 °C ± 5 °C and reflux for 10-15 minutes without boiling. 
• Allow sample to cool, add 5 ml of concentrated HNO3, replace the cover and 
reflux for 30 minutes. If brown fumes generated, repeat this step until no brown 
fumes are given off by the sample. 
• Heat the solution at 95 °C ± 5 °C without boiling for 2 hours. 
• Allow sample to cool. Add 2 ml of water and 3 ml of 30 % H2O2, and continue 
warming to start the peroxide reaction. 
• Continue to add 30 % H2O2 in 1 ml aliquots with warming until the effervescence 
is minimal or until the general sample appearance is unchanged. 
• Continue to heat the acid-peroxide digestate at 95 °C ± 5 °C without boiling, for 2 
hours.  
• Add 10 ml concentrated HCl to the sample digest and reflux at 95 °C ± 5 °C for 
15 minutes. 
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• After cooling, dilute to 100 ml with deionised water. Filter the digestate through 
Whatman No.41 filter paper and collect the filtrate in a 100 ml volumetric flask 
and analysed by ICP-OES.  
 
A.2   Toxicity Characteristic Leaching Procedure (US EPA SW 846 Method 
1311) 
Determination of appropriate extraction fluid 
• Transfer 5.0 grams of the waste to a 500 mL beaker. 
• Add 96.5 mL of reagent water to the beaker, cover with a watch glass, and stir 
vigorously for 5 minutes using a magnetic stirrer. 
• Measure the pH. If the pH is < 5.0, use extraction fluid #1. 
• If the pH is > 5.0, add 3.5 mL 1N HCl, slurry briefly, cover with a watch glass, 
heat to 50°C for 10 minutes. Let the solution cool to room temperature and record 
the pH. If the pH is > 5.0, use extraction fluid # 2. 
 
Preparation of extraction fluid 
• Extraction fluid # 1: Add 5.7 mL glacial CH3CH2OOH to 500 mL of reagent 
water, add 64.3 mL of 1N NaOH, and dilute to a volume of 1 liter. When correctly 
prepared, the pH of this fluid will be 4.93 ± 0.05. 
• Extraction fluid # 2: Dilute 5.7 mL glacial CH3CH2OOH with reagent water to a 
volume of 1 liter. When correctly prepared, the pH of this fluid will be 2.88 ± 
0.05. 
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Procedure 
• Add an amount of extraction fluid equal to 20 times the weight of the solid phase 
to the solid (20 ml: 1 g). 
• Close the extractor bottle tightly, secure in rotary agitation device, and rotate at 30 
± 2 rpm for 18 ± 2 hours. The extraction is conducted at room temperature. 
• Following the 18 ± 2 hour extraction, separate the material in the extractor vessel 
into its component liquid and solid phases by filtering through a 0.45 µm glass 
fiber filter. 
• Following the collection of TCLP extract, the pH of the extract is recorded. The 
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APPENDIX B: EXPERIMENTAL DATA 
B.1 Bioleaching of Spent FCC Catalyst 
B.1.1  Growth Parameters for Pure Culture of A. niger 
Time 















0 5.55 4.53 2.15 80.81 0 0.00 0 0.00 
3 3.11 39.31 42.78 0.00 11.53 0.00 6.14 22.77 
4 3.00 41.34 42.22 0.05 14.11 1.76 7.32 - 
7 2.96 31.68 38.57 0.22 24.09 4.38 8.98 28.00 
11 2.86 23.79 32.76 0.93 46.62 6.55 13.17 - 
14 2.65 12.99 29.16 0.81 56.92 7.20 47.66 23.60 
17 2.86 9.85 35.39 0.74 - - - - 
22 2.86 3.61 7.89 0.00 - - - 23.87 
24 2.52 1.27 10.65 0.00 54.73 9.22 44.33 - 
28 2.49 0.47 9.16 0.00 - - - 22.60 
31 2.64 0.19 5.69 0.00 69.49 9.96 52.59 - 
35 2.65 0.03 1.41 0.00 - 6.19 42.56 22.60 
39 2.77 1.23 0.35 0.00 65.62 8.35 12.27 - 
43 2.63 0.63 0.15 0.00 71.08 8.49 11.3 22.96 
 
B.1.2   Growth Parameters for Pure Culture of P. simplicissimum 
Time 















0 5.55 4.53 2.15 80.81 0.00 0.00 0.00 0.00 
1 3.51 36.17 34.24 2.99 0.74 0.00 5.42 18.93 
2 3.24 34.24 46.98 0.00 0.91 0.00 7.59 20.13 
4 3.02 33.33 44.75 0.00 3.41 0.26 17.22 21.70 
7 3.18 29.47 37.32 0.00 7.29 0.08 17.59 29.70 
11 3.18 20.89 35.74 0.00 8.53 0.14 17.55 22.98 
14 3.23 14.52 34.46 0.00 9.76 0.17 24.39 26.71 
18 2.78 6.36 22.86 0.00 63.06 0.27 53.34 24.43 
22 2.71 3.44 21.02 0.00 64.75 0.19 60.16 24.26 
27 2.89 0.59 19.42 0.00 50.50 2.04 72.12 25.27 
32 2.74 0.30 11.55 0.00 47.76 2.10 62.81 26.13 
36 2.63 0.04 - 0.00 54.27 1.20 79.51 22.24 
40 2.65 0.04 7.58 0.00 35.39 5.30 43.23 24.64 
46 2.75 0.00 0.00 0.00 22.60 9.23 39.39 24.06 
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B.1.3   Growth Parameters of A. niger in One-Step Bioleaching  
(a) 1% w/v pulp density 
Time 















0 5.56 2.60 0.04 99.40 0.91 0.29 1.86 0.00 
3 3.42 40.18 44.96 0.00 6.32 1.57 16.94 - 
7 3.32 27.84 38.02 0.00 20.31 11.10 16.85 21.68 
10 3.08 22.64 37.43 2.94 33.12 12.65 18.86 - 
13 2.92 15.51 34.44 1.23 33.05 11.25 18.20 14.15 
16 2.88 10.18 29.14 2.98 37.02 14.07 17.05 - 
20 2.83 6.00 21.30 1.31 39.83 13.13 16.15 18.52 
23 2.87 3.57 16.91 1.01 41.28 10.97 16.83 - 
26 2.93 1.20 12.02 0.00 41.00 8.73 13.09 18.89 
29 2.74 0.46 7.45 0.00 53.60 11.28 10.40 - 
35 2.85 0.06 0.34 0.00 44.36 21.01 6.02 22.44 
39 3.23 0.00 0.00 0.00 12.41 10.68 0.00  - 
 
(b) 2% w/v pulp density 
Time 















0 5.36 2.07 0.51 99.40 2.07 0.00 0.00 0.00 
4 3.34 36.80 43.04 1.11 5.90 5.89 10.96 - 
7 3.22 27.95 39.61 0.00 12.63 7.42 12.70 10.54 
10 3.05 23.70 38.98 0.00 18.14 9.82 17.08 - 
13 2.96 19.01 37.50 0.00 23.45 14.17 18.79 15.01 
17 2.87 13.10 30.35 0.00 37.58 24.28 30.96 - 
21 2.77 9.55 26.11 0.00 37.77 25.84 15.43 19.15 
26 2.83 3.36 18.14 0.00 46.98 20.05 16.26 - 
31 2.86 0.46 9.25 0.00 44.34 17.90 12.65 23.18 
36 2.74 0.22 4.08 0.00 51.07 32.98 9.54 - 
40 3.05 0.06 0.00 0.00 35.38 34.20 7.50 22.00 
43 3.03 0.00 0.00 0.00 35.95 22.62 9.78  - 
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B.1.4  Growth Parameters of A. niger in Two-Step Bioleaching  
(a) 1% w/v pulp density 
Time 















0 3.12 40.66 49.01 0.10 4.51 0.00 0.00 0.00  
3 3.74 28.66 34.63 0.00 9.05 1.64 7.67 - 
7 3.34 18.41 30.72 0.00 15.20 2.67 10.65 16.04 
11 2.91 14.33 27.10 0.00 30.45 7.29 25.83 - 
16 2.75 7.62 21.03 0.00 41.55 9.39 25.08 16.74 
20 2.64 5.53 17.73 0.00 60.98 14.84 16.66 - 
24 2.62 1.64 10.61 0.00 67.08 15.33 13.08 21.39 
28 2.50 0.30 2.71 0.00 68.63 25.98 13.23 - 
32 2.64 0.01 0.00 0.00 70.39 36.20 2.47 21.52 
35 2.79 0.02 0.85 0.00 54.75 - 5.09 - 
38 2.96 0.00 0.00 0.00 47.79 - 10.89 22.51 
41 3.13 0.00 0.00 0.00 48.36 - 0.00 - 
46 2.89 0.00 0.00 0.00 3.58 39.82 0.00 21.81 
51 4.52 0.00 0.00 0.00 0 48.73 0.00 - 
 
(b) 2% w/v pulp density 
Time 















0 3.38 41.53 42.61 1.11 5.90 5.89 10.96 0.00 
3 3.46 32.21 38.23 0.19 15.92 0.60 6.44 - 
7 3.50 18.26 34.59 0.28 14.74 0.59 5.89 11.91 
10 3.15 13.87 32.80 1.97 27.64 4.88 11.46 - 
14 3.04 8.61 28.14 1.25 33.21 5.92 13.59 16.80 
17 3.25 3.75 26.40 0.88 36.31 8.49 12.32 - 
21 2.94 1.04 17.71 0.00 41.00 10.49 11.12 19.81 
24 2.98 0.10 2.73 0.00 50.40 8.71 11.15 - 
28 3.28 0.03 0.21 0.00 85.49 9.69 0.00 23.46 
33 3.53 0.02 0.00 0.00 19.16 11.14 0.00 - 
38 3.93 0.01 0.00 0.00 15.20 32.15 0.00 21.29 
42 4.47 0.00 0.00 0.00 17.99 33.87 0.00 - 
46 4.66 0.00 0.00 0.00 21.33 36.08 0.00 21.97 
 
                                                                                                                   Appendices                         
 157
(c) 4% w/v pulp density 
Time 















0 3.32 39.85 46.55 0.11 4.45 0.00 13.91 0.00 
5 3.77 25.54 34.20 1.96 13.65 1.84 18.05 14.60 
9 3.31 15.46 32.68 3.42 9.29 1.80 15.92 - 
14 2.95 6.38 24.98 4.56 12.76 7.43 18.09 18.17 
18 2.61 2.38 7.05 4.42 45.08 34.74 16.77 - 
22 2.63 0.19 1.13 1.99 37.60 35.93 0.00 23.27 
27 2.78 0.04 0.00 1.91 0.00 21.20 0.00 - 
32 3.24 0.01 0.00 1.20 0.00 18.81 0.00 23.04 
37 3.77 0.00 0.00 0.00 0.00 41.19 0.00 - 
41 3.98 0.00 0.00 0.00 0.00 35.50 0.00 21.95 
46 3.90 0.00 0.00 0.00 0.00 35.65 0.00 - 
50 3.96 0.00 0.00 0.00 0.00 35.41 0.00  - 
 
(d) 8% w/v pulp density 
Time 















0 3.41 45.44 45.51 0.38 1.30 0.00 11.94 0.00 
4 4.22 31.73 36.66 1.58 6.62 0.68 15.27 9.45 
8 3.54 21.27 29.71 2.80 13.23 4.01 26.04 - 
12 3.29 14.36 25.76 3.87 15.60 5.16 30.41 21.08 
15 2.89 8.41 21.29 4.12 23.55 9.25 21.17 - 
19 2.80 3.11 10.85 2.78 26.93 13.74 28.39 22.63 
22 2.82 1.25 10.21 2.60 19.02 12.03 30.72 - 
26 2.99 0.18 3.71 1.96 0.00 13.25 13.07 21.48 
31 3.21 0.12 0.00 0.00 0.00 9.17 0.00 - 
35 3.79 0.06 0.00 0.00 0.00 0.00 0.00 27.81 
42 4.09 0.04 0.00 0.00 0.00 0.00 0.00 - 
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B.1.5  pH Profiles in Fresh Medium and Deionised Water Leaching 
pH (Fresh medium) pH (Deionised water) Time 
(days) 1% 2% 4% 8% 1% 2% 4% 8% 
0 4.98 4.98 4.98 4.98 4.30 4.30 4.30 4.30 
3 5.07 5.21 5.25 5.22 5.81 6.26 6.25 6.22 
6 5.10 5.28 5.36 5.30 5.89 6.08 6.05 6.01 
10 5.25 5.48 5.59 5.46 6.07 6.29 6.19 6.17 
15 5.30 5.51 5.65 5.46 6.12 6.12 6.18 5.91 
20 5.19 5.47 5.62 5.43 5.97 6.00 5.88 5.77 
25 5.23 5.48 5.65 5.45 6.12 6.04 6.12 5.75 
30 5.16 5.42 5.57 5.36 5.77 5.95 5.65 5.24 
 
B.1.6  pH Profiles in Spent Medium Leaching 
pH Time 
(days) 1% 2% 4% 8% 
0 2.72 2.72 2.72 2.72 
1 - - - 2.95 
2 2.76 2.80 - - 
3 2.79 2.82 2.79 3.15 
4 2.82 2.88 2.90 - 
6 2.74 2.76 2.85 - 
7 2.83 2.87 - 3.05 
9 - - 3.00 - 
11 - - - 3.11 
12 2.86 2.93 - - 
13 - - 3.01 - 
15 - 2.90 - 3.19 
16 2.82 - - - 
17 - - 2.90 - 
20 2.94 2.97 2.99 3.28 
23 - - - 3.19 
24 2.91 2.95 - - 
25  -  - 3.00  - 
 
 
                                                                                                                   Appendices                         
 159
B.1.7  Metal Leaching Efficiency in One-Step and Two-Step Bioleaching 
Metal extraction (%) 
One-step Two-step 
Metals 1% 2% 1% 2% 4% 8% 
Al 26.34 27.00 29.69 28.19 20.57 13.04 
V 33.00 27.59 35.84 35.84 28.36 23.16 
Sb 55.75 53.81 64.25 67.43 50.44 40.58 
Fe 0.00 11.18 23.08 21.39 22.68 15.48 
Ni 0.00 0.00 9.33 6.08 6.57 3.13 
 
B.1.8  Metal Leaching Efficiency in Fresh Medium and Deionised Water 
Leaching 
Metal extraction (%) 
Fresh medium Deionised water Metal
s 1% 2% 4% 8% 1% 2% 4% 8% 
Al 0.15 0.07 0.06 0.06 0.13 0.07 0.04 0.02 
V 6.94 6.95 6.64 5.85 3.56 3.34 2.91 2.54 
Sb 19.29 17.65 17.70 15.93 21.26 16.43 10.75 5.93 
Fe 0.40 0.10 0.01 0.10 0.08 0.03 0.01 0.01 
Ni 0.71 0.33 0.44 0.25 0.36 0.78 0.12 0.10 
 
B.1.9   Metal Leaching Efficiency in Spent Medium Leaching 
Metal extraction (%) 
Metals 1% 2% 4% 8% 
Al 21.19 18.51 12.77 9.52 
V 23.59 22.74 18.87 18.65 
Sb 48.93 43.73 35.31 32.23 
Fe 23.57 20.09 14.29 10.64 
Ni 6.98 5.49 3.69 2.39 
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B.1.10   Chemical Leaching Efficiency of Mixtures of Commercial Organic Acids 
   Metal extraction (%) 
  Al V Sb Fe Ni 
Spent  
(C: 49.0 + G: 0 + O: 2.9) 12.78 21.92 40.09 16.05 2.40 
One-step 
(C: 51.1 + G: 31 + O: 34.2) 14.00 23.94 47.17 17.79 2.99 
Two-step 
(C: 85.5 + G: 13.6 + O: 36.1) 14.66 24.63 47.35 18.70 3.08 
C: citric acid, G: gluconic acid, O: oxalic acid 
 
B.2 Bioleaching of Spent Ni-Mo Catalyst 




























0 2.92 39.21 51.88 0.00 3.11 0.23 17.87 22.77 
5 2.98 23.66 39.62 0.00 7.07 0.18 - 18.46 
10 2.82 20.95 38.40 0.00 11.34 0.95 29.59 15.29 
15 2.80 21.47 35.98 0.00 8.13 0.93 24.44 11.35 
21 2.74 23.36 27.97 0.00 12.35 4.31 28.48 11.26 
25 2.71 19.17 27.18 0.00 46.58 10.46 49.10 10.74 
30 2.64 21.03 26.27 0.00 69.99 10.20 53.48 11.29 
35 2.64 17.24 19.75 0.00 58.39 8.61 51.86 10.49 
40 2.74 15.80 28.50 0.00 13.85 2.19 21.31 9.61 
45 2.89 11.07 20.19 0.00 33.41 4.91 41.23 10.61 
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B.2.2  Growth Parameters of P. simplicissimum in Two-Step Bioleaching at 1% 



























0 3.04 34.235 46.98 0.00 0.91 0.00 7.59 20.13 
5 3.02 31.97 40.81 0.00 5.06 0.00 11.02 19.77 
11 2.92 26.90 38.59 0.00 16.08 0.00 10.64 16.73 
18 2.68 24.50 32.89 0.00 18.84 0.00 25.88 16.68 
23 2.62 22.40 32.86 0.00 16.83 0.00 41.94 11.23 
28 2.64 21.19 27.80 0.00 38.00 0.00 83.60 13.76 
33 2.62 18.56 22.65 0.00 39.38 0.00 56.09 15.85 
39 2.67 17.24 25.16 0.00 43.90 0.00 23.35 13.23 
46 2.64 2.44 12.88 0.00 44.24 0.00 14.28 18.22 
50 2.64 20.94 17.02 0.00 46.78 0.00 26.86 21.42 
 
B.2.3  pH Profile of Control (i.e., a Fresh Sucrose Medium) Leaching 
Time (days) Average pH Standard Deviation  
0 4.98 0.00 
5 5.27 0.12 
9 5.03 0.11 
15 4.92 0.08 
22 4.67 0.11 
25 4.53 0.00 
30 4.53 0.02 
35 4.47 0.08 
40 4.56 0.07 
45 4.37 0.01 
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B.2.4  pH Profile and Sulphuric Acid Production in Control and Bioleaching of 
Spent Ni-Mo Catalyst by A. thiooxidans 











0 2.00 2.00 0.00 0.00 
5 2.92 - 27.48 - 
8 - 2.21 - 71.85 
9 2.99 - 26.08 - 
15 3.06 2.63 26.23 80.08 
20 - 2.47 - 81.08 
22 2.98 - 26.83 - 
25 2.95 2.51 27.03 82.85 
29 - 2.40 - 82.60 
30 3.08 - 27.15 - 
33 - 2.64 - 83.05 
35 2.95 - 27.55 - 
39 - 2.69 - 81.25 
40 2.98 - 28.25 - 
43 - 2.63 - 78.35 
45 2.95 - 29.15 - 
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B.2.5  pH Profile and Ferrous Iron Concentration in Pure Culture, Control and 
Bioleaching of Spent Ni-Mo Catalyst by A. ferrooxidans 
pH Ferrous iron concentration (mg/l) Time 
(days) Pure Control Bioleaching Pure Control Bioleaching
0 2.23 2.20 2.20 7852.84 7852.84 7852.84 
2 2.12 - - 1911.82 - 67.06 
3 - - - 42.78 - 96.30 
4 - - - 40.01 - 60.02 
5 2.20 2.39 - - 5405.85 - 
6 2.54 - - 86.12 - 135.21 
8 - - 2.14 78.03 - 297.80 
9 2.30 2.48 - - 4214.18 - 
10 - - - 77.00 - 391.40 
12 2.23 - - - - - 
13 - - 2.09 75.67 - 486.76 
15 - 2.50 - 69.64 4214.18 545.92 
16 2.17 - - - - - 
17 - - 2.11 64.34 - 547.69 
20 2.21 - 2.12 65.37 - 653.87 
22 2.15 2.46 - - 4355.46 - 
24 2.09 - - - - - 
25 - 2.46 2.16 64.34 4373.12 718.55 
26 2.18 - - - - - 
28 2.07 - - - - - 
30 2.13 2.46 2.14 66.70 4355.46 777.49 
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B.2.6  Metal Leaching Efficiency in Fungi Bioleaching 
Metal extraction (%) 
A. niger P. simplicissimum Time 
(days) Al Mo Ni Zn Cu Al Mo Ni Zn Cu 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 8.19 44.02 77.71 11.28 16.57 5.96 34.92 77.42 12.15 16.00
10 8.78 42.80 77.57 12.55 19.11 - - - - - 
11 - - - - - 9.12 45.97 85.09 16.69 18.39
15 8.67 50.67 86.27 14.42 21.68 - - - - - 
18 - - - - - 11.90 49.45 88.63 16.06 21.61
21 9.67 38.89 83.76 14.11 20.04 - - - - - 
23 - - - - - 11.88 51.71 89.36 16.06 22.54
25 12.20 48.23 88.92 16.31 27.18 - - - - - 
28 - - - - - 13.95 52.50 93.20 15.74 23.14
30 13.05 42.98 88.63 14.36 23.04 - - - - - 
33 - - - - - 15.68 54.58 94.53 16.50 26.36
35 14.39 45.18 89.95 15.99 27.00 - - - - - 
39 - - - - - 15.68 57.26 94.97 17.38 35.79
40 12.77 60.56 92.61 15.62 32.07 - - - - - 
45 16.02 60.20 99.39 16.88 29.93 - - - - - 
46 - - - - - 18.19 58.97 93.79 16.06 26.61
50 16.35 53.85 97.48 17.51 32.11 17.09 60.56 96.74 16.75 29.93
 
B.2.7  Metal Leaching Efficiency of Control for Fungi Leaching  
Metal extraction (%) Time 
(days) Al Mo Ni Zn Cu 
0 0.00 0.00 0.00 0.00 0.00 
5 5.96 34.92 77.42 12.15 16.00 
11 9.12 45.97 85.09 16.69 18.39 
18 11.90 49.45 88.63 16.06 21.61 
23 11.88 51.71 89.36 16.06 22.54 
28 13.95 52.50 93.20 15.74 23.14 
33 15.68 54.58 94.53 16.50 26.36 
39 15.68 57.26 94.97 17.38 35.79 
46 18.19 58.97 93.79 16.06 26.61 
50 17.09 60.56 96.74 16.75 29.93 
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B.2.8  Metal Leaching Efficiency of Control and Bioleaching with A. thiooxidans 
Metal extraction (%) 
Control  Bioleaching Time 
(days) Al Mo Ni Zn Cu Al Mo Ni Zn Cu 
0 0.12 0.15 0.03 4.06 11.64 0.12 0.15 0.03 4.06 11.64 
5 7.51 18.86 69.46 18.83 14.21 - - - -  
8 - - - - - 22.62 48.11 98.66 26.32 31.00 
9 7.60 21.18 67.54 15.87 14.39 - - - - - 
15 7.93 23.63 67.83 17.07 15.71 26.79 60.87 99.83 29.66 40.29 
20 - - - - - 26.50 61.84 90.99 24.94 43.07 
22 8.47 25.64 69.01 17.95 20.32 - - - - - 
25 8.49 25.46 66.21 18.14 20.25 26.98 63.49 86.12 25.57 46.36 
29 - - - - - 27.35 63.92 82.73 23.05 47.00 
30 8.93 26.31 65.62 20.15 21.64 - - - - - 
33 - - - - - 29.34 64.96 80.66 20.59 36.89 
35 9.15 26.86 64.15 19.14 20.86 - - - - - 
39 - - - - - 29.19 64.47 75.95 21.22 37.57 
40 9.61 27.78 63.26 19.46 25.00 - - - - - 
43 - - - - - 28.95 63.31 72.26 19.40 36.04 
45 10.07 28.69 62.38 20.40 25.39 - - - - - 
50 11.00 29.79 61.20 12.76 24.25 28.91 62.45 68.28 15.55 36.54 
 
B.2.9  Metal Leaching Efficiency of Control and Bioleaching with A.ferrooxidans  
Metal extraction (%) 
Control  Bioleaching Time 
(days) Al Mo Ni Zn Cu Al Mo Ni Zn Cu 
0 0.08 0.00 0.12 23.30 0.00 0.08 0.00 0.12 23.30  0.00 
5 10.22 3.45 50.58 26.64 0.00 - - - - - 
8 - - - - - 17.02 46.19 95.06 24.06 23.68 
9 10.22 3.97 48.66 23.68 0.00      
13 - - - - - 19.82 52.76 97.31 24.48 27.01 
15 10.37 4.89 49.25 23.68 0.00 - - - - - 
17 - - - - - 21.29 52.74 96.58 24.46 36.14 
20 - - - - - 22.40 54.16 97.80 24.81 27.49 
22 10.50 6.34 50.88 24.94 0.00 - - - - - 
25 10.26 7.06 50.73 26.83 0.00 23.70 52.24 95.23 24.08 28.19 
30 10.28 8.19 50.14 28.27 0.00 23.78 51.06 91.25 20.34 31.91 
35 10.24 7.76 49.55 28.21 0.00 26.86 52.99 92.70 21.72 31.03 
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B.2.10   Chemical Leaching Efficiency of Mixtures of Commercial Organic Acids 
  Metal extraction (%) 
  Al Mo Ni Zn Cu 
A. niger 
(C: 70.0 + G: 53.5 + O: 10.5) 13.27 42.64 89.33 34.88 37.75 
P. simplicissimum 
(C: 46.8 + G: 83.6 + O: 0) 13.29 43.73 87.35 36.05 35.79 
Sulphuric acid (80 mM) 39.89 37.16 98.14 39.13 44.02 
Ferric chloride (30 mM) 15.78 9.95 94.95 38.15 79.20 
C: citric acid, G: gluconic acid, O: oxalic acid 
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